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Pre-tRNA processing is an essential step in generating a supply of functional 
mature tRNAs. In some instances, this processing event includes removal of an intron. 
Recent work from our lab has shown that these introns are cut out of pre-tRNAs and 
ligated into circular RNAs, called tricRNAs, in the fruit fly Drosophila melanogaster. To 
study the mechanism of tricRNA biogenesis in Drosophila, I generated a series of 
splicing reporters adapted for expression in human and fly cells. Using these reporters, I 
discovered specific cis-acting elements important for proper spicing, including a 
conserved base pair found in all metazoan pre-tRNAs to date. I also identified candidate 
tRNA processing factors in Drosophila via sequence homology to human factors, and 
verified these candidates using an in vivo cellular splicing assay. My results show that 
Drosophila use the “direct ligation”-type tRNA ligation pathway also found in archaea and 
human cells.  
I also examined Drosophila tRNA processing factors in animals. Using available 
stocks, I observed striking neurological phenotypes when mutating or depleting these 
enzymes. These data correlate with a known human disease called Pontocerebellar 
hypoplasia (PCH), caused by mutations in human tRNA processing factors. I further 
found a tissue-specific requirement for the CLP1 ortholog cbc in both viability and 
locomotion, consistent with previous data from a mouse model.  
In addition to my cellular and animal work, I also developed a method to express 
circular RNAs using tRNA splicing. This method utilizes standard molecular biology 
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techniques and can generate circular RNAs for a variety of functions. There are many 
potential applications to this technology.  
My work is the first characterization of tricRNA splicing in a metazoan model 
organism. My analysis of cis-acting elements and trans-acting factors yielded findings 
that are consistent with previously published data. Furthermore, the method I have 
developed has a wide range of potential uses, and my analysis of processing factor 
mutants provides new context to understanding a human neurological disease. Overall, 
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CHAPTER 1: INTRODUCTION 
Introns are a feature of certain tRNA genes 
The presence of introns in both protein-coding and non-coding genes is a strange 
but fascinating phenomenon. It seems counterintuitive that an organism would devote 
precious time and energy to removing a nucleic acid sequence that will not be present in 
the final product; however, introns have been found to be an important part of the basic 
cellular process of gene expression (Chorev and Carmel 2012; Jo and Choi 2015). Of 
particular interest are the introns found in transfer (t)RNAs. Although these intervening 
sequences are typically small, they are usually positioned in the anticodon loop of a pre-
tRNA (Yoshihisa 2014), and thus they disrupt the important structural features of the final 
mature tRNA molecule. Because the structure of tRNAs is crucial for their function of 
translating the nucleic acid code into polypeptides, tRNA intron removal is a very 
important process. Interestingly, tRNA splicing is not carried out by the spliceosome; 
rather, the tRNA intron removal process is catalyzed entirely by proteins (Lopes et al. 
2015).  
There is a great amount of tRNA gene diversity amongst various organisms. The 
number of tRNA genes can vary widely, as can the proportion of tRNA genes that 
contain an intron (data obtained from (Chan and Lowe 2009, 2016), see Figure 1.1). For 
example, the human genome contains 388 tRNA genes predicted with high confidence; 
28 contain an intron, roughly 7%. This proportion is relatively similar in other mammals (5% 
in mice) and in invertebrate models (~6% in both C. elegans and Drosophila). Yeast 
genomes have a higher percentage of intron-containing tRNA genes: ~26% in fission 
yeast and 22% in baker’s yeast. Interestingly, both zebrafish and clawed frogs have a 
very large number of tRNA genes; this is likely allows them to quickly complete early 
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development. Despite the large number of tRNA genes, 8% of zebrafish and 11% of frog 
tRNA genes have introns. The largest variation in frequency of intron-containing tRNA 
genes is in archaea. Over 50% of tRNA genes in the hyperthermophilic archeon 
Pyrobaculum aerophilum contain an intron; in striking contrast, the halophilic mesophile 
Haloferax volcanii only has 53 tRNA genes, 3 of which bear an intron (~6%).  
 
Figure 1.1 Distribution of intron-containing tRNA genes in various organisms. Data obtained from 
the genomic tRNA database (Chan and Lowe 2009, 2016).P. aer, Pyrobaculum aerophilum. H. 
vol, Haloferax volcanii. S. pom, Schizosaccharomyces pombe. S. cer, Saccharomyces cerevisiae. 
D. mel, Drosophila melanogaster. C. ele, Caenorhabditis elegans. X. tro, Xenopus tropicalis. D. 
rer, Danio rerio. M. mus, Mus musculus. H. sap, Homo sapiens.  
A further interesting facet emerges from examination of which tRNA genes 
contain introns in a particular organism, using the genomic tRNA database (Chan and 
Lowe 2009, 2016). In animals, every tRNA gene of a particular isodecoder family 
contains an intron. For example, in Drosophila, the isoacceptors for isoleucine have AAT 
and TAT anticodons; all Ile TAT isodecoders (two genes) have an intron, whereas Ile 
AAT isodecoders (nine genes) do not. This phenomenon also appears to be true in S. 
cerevisiae, where there are four isoacceptors for serine (with AGA, CGA, TGA, and GCT 
anticodons); all the tRNA genes with CGA (one gene) and GCT (two genes) anticodons 
contain an intron, whereas all the tRNA genes with AGA (eleven genes) and TGA (three 
genes) anticodons do not. However, the all-or-none dichotomy does not seem to hold in 
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archaea: for example, the Sulfolobus acidocaldarius genome encodes seven leucine 
tRNA genes, three of which are CAA isodecoders. One has an intron; the other two do 
not. Overall, the pattern of tRNA intron distribution in various genomes is interesting to 
consider.  
In a related inquiry, the identity of isodecoders that contain introns seems to be 
relatively similar in metazoans (Figure 1.2). In Drosophila, only three isodecoders contain 
an intron. These three isodecoders (Tyr GTA, Leu CAA, and Ile TAT) are also found in C. 
elegans, humans, and mice. Humans and mice share an additional isodecoder, Arg TCT, 
whereas C. elegans have additional His GTG, Leu AAG, and Thr TGT tRNA genes with 
introns. Furthermore, in all metazoans presented in Figure 1.2, the most abundant intron-
containing tRNA gene is Tyr GTA, which could be due to the fact that all tyrosine tRNA 
genes contain introns in these organisms (Chan and Lowe 2016). In stark contrast, the 
archeon Haloferax volcanii does not share any isodecoders with metazoans; its intron-
containing isodecoders are Trp CCA, Met CAT, and Gln TTG.  
 
Figure 1.2 Distribution of isodecoders among various organisms. Data obtained from the genomic 
tRNA database (Chan and Lowe 2016). D. mel, Drosophila melanogaster. C. ele, Caenorhabditis 
elegans. M. mus, Mus musculus. H. sap, Homo sapiens. H. vol, Haloferax volcanii. 
Finally, it is interesting to consider homology in tRNA genes. In general, the 
introns of a particular isodecoder family are not conserved (Chan and Lowe 2016). In 
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addition, introns of different isodecoders typically do not share homology; that is, one 
tRNA intron in an organism is likely not homologous to any other tRNA intron in the same 
organism (Chan and Lowe 2016). However, there can be sequence conservation 
between introns of the same tRNA gene in closely related species. For example, we 
previously found that the intron of CR31905, a tyrosine tRNA gene with an unusually 
large and highly base-paired intron, is orthologous to other tyrosine tRNA introns in 
various Drosophilids (Lu et al. 2015). We also detected evidence of covariant base pairs 
in these alignments, indicating that the predicted secondary structure of these introns is 
highly conserved (Lu et al. 2015). We found similar levels of homology when widening 
our analysis to other intron-containing tRNA genes in Drosophilids. These observations 
are evidence of selection for a particular intron sequence and structure over evolutionary 
time, indicating that Drosophild tRNA introns may serve a function. 
tRNA intron removal requires specific cis-acting elements and trans-acting factors 
Because tRNA introns typically interrupt the anticodon loop, they must be 
removed so that the mature tRNA can properly function in protein expression. tRNA 
intron removal relies on specific cis-acting elements and trans-acting factors, 
summarized below.  
Cis-acting elements important for tRNA splicing 
When an intron is present in a tRNA gene, it is almost always inserted in the 
same location: one nucleotide 3' to the anticodon (Yoshihisa 2014). There are a few 
exceptions to this rule. In archaea, introns can be inserted at almost any position within 
the tRNA body, although the majority of introns are found at the canonical position (Chan 
and Lowe 2016). The presence of non-canonical intron positioning is even less common 
in eukaryotes, and these instances appear to occur in tRNA pseudogenes (Chan and 
Lowe 2016). Another interesting example of unusual tRNA genes is “split tRNA” genes, 
where the sequences for a mature tRNA are split among two or even three genomic loci 
(Randau et al. 2005b). These transcripts hybridize, and splicing enzymes appropriately 
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cleave and ligate the pieces together into a functional mature tRNA. Still another strange 
tRNA gene phenomenon is permuted tRNA genes, found in both certain archaeal 
species as well as the red algae Cyanidioschyzon merolae (Soma et al. 2007; Chan et al. 
2011). Here, the overall cloverleaf structure of the tRNA is preserved during transcription, 
but the 5' and 3' ends are in a different location, such as the D-loop. Furthermore, a short 
linker sequence bridges the canonical 3' end of the tRNA to the 5' end. This linker is 
removed, presumably by traditional end-processing enzymes; the non-canonical 5' and 
3' ends are appropriately processed and ligated; and any introns present are also spliced 
out.   
Despite the existence of these interesting arrangements, the majority of tRNA 
introns are placed in the canonical position of a pre-tRNA. In archaea, pre-tRNA 
structure is very important for its proper splicing. A particularly crucial element is the 
bulge-helix-bulge (BHB) structural motif (Marck and Grosjean 2003). This motif consists 
of a three base single-stranded bulge, a four base pair helix, and a second three base 
bulge (Figure 1.3A). The BHB is positioned at the anticodon-intron junction of the pre-
tRNA molecule; specifically, the first two nucleotides of the anticodon compose the last 
two base pairs of the helix, and the third nucleotide of the anticodon is the first base of 
the single-stranded bulge. The endonuclease cut sites are contained within the single-
stranded bulges. The BHB has extensively been shown to be both necessary and 
sufficient for proper tRNA splicing in archaea (Thompson and Daniels 1988, 1990).   
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Figure 1.3 Comparison of the intron-exon boundaries in archaea and eukaryotes. For both images, 
the light gray bases are exonic, the medium gray bases are intronic, and the dark gray bases are 
the anticodon. The endonuclease cut sites are denoted by red lines. (A) Archaeal BHB motif (B) 
Eukaryotic BHB-like motif. The anticodon-intron base pair is highlighted in green. 
In eukaryotes, the structural requirements for pre-tRNAs do not seem to be as 
rigid (Greer et al. 1987; Reyes and Abelson 1988). Although there are features shared 
with the BHB, including the endonuclease cut sites contained in two single-stranded 
regions, and a helix between the two, there are various possible alterations (Figure 1.3B). 
For example, the number of base pairs in the helix can change, as well as the identity of 
base pairs (Lu et al. 2015). In some cases, not every single position within the helix will 
be base-paired (Chan and Lowe 2016). However, there is some consistency in 
eukaryotic pre-tRNA structure. Early reports attempting to find sequence conservation in 
pre-tRNAs identified a specific base pair, termed the anticodon-intron base pair, 
important for tRNA splicing (Baldi et al. 1992; Fabbri et al. 1998). This base pair was 
found to be a pyrimidine-purine, and it is thought to help position the splicing 
endonuclease complex (Di Nicola Negri et al. 1997). In metazoans, this anticodon-intron 
base pair arrangement appears to remain constant (Figure 1.3B). The intronic base of 
the pair is the antepenultimate base of the intron, and its identity is guanine for every 
intron-containing tRNA gene examined in metazoans (Chan and Lowe 2016). This 
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guanine pairs with a cytosine, which is two bases 5' of the anticodon. Thus, although 
eukaryotes do not have a strict BHB, there are still conserved structural features that are 
important for tRNA splicing, including this C-G anticodon-intron base pair.  
Trans-acting factors involved in tRNA splicing 
In striking contrast to messenger RNA splicing, the removal of introns from pre-
tRNA transcripts is spliceosome-independent. These processing events are carried out 
by a series of protein-catalyzed reactions. The splicing can be split into two distinct 
activities: cleavage and ligation (see Figure 1.4).  
In archaea, there are three families of endonucleases that can cleave pre-tRNAs. 
Methanococcus jannaschii utilizes a homotetrameric, or α4 configuration (Lykke-
Andersen and Garrett 1997); a homodimeric, (α2) conformation is seen in the Haloferax 
volcanii endonuclease (Kleman-Leyer et al. 1997); and Crenarchaeal species contain the 
(αβ)2 dimer of heterodimers configuration (Calvin et al. 2005). In contrast to the wide 
variety of archaeal endonuclease complex arrangements, eukaryotes appear to only 
have one family of tRNA splicing endonucleases, the αβγδ heterotetramer (Trotta et al. 
1997). Interestingly, the catalytic members of the eukaryotic splicing complex share 
homology with the archaeal α2 and α4 subunits (Kleman-Leyer et al. 1997; Trotta et al. 
1997). The heterotetrameric endonuclease complex in yeast is known as SEN (splicing 
endonuclease), and was cloned and purified by the Abelson lab in 1997 (Trotta et al. 
1997). Several years later, the human TSEN (tRNA splicing endonuclease) complex was 
identified based on sequence homology to the yeast complex (Paushkin et al. 2004). The 
TSEN complex contains two structural members, TSEN15 and TSEN54, and two 
catalytic members, TSEN2 and TSEN34. The 5' exon-intron boundary is cleaved by 
TSEN2 and the intron-3' exon boundary is cleaved by TSEN34 (Trotta et al. 1997).  
In order for a pre-tRNA to be spliced, it must first be recognized by the 
endonuclease complex. The method of recognition is different between archaea and 
eukaryotes. Archaeal pre-tRNAs are identified by their BHBs; the α2 and α4-type 
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endonucleases retain a structural conformation that accommodates the symmetrical 
BHB (Yoshihisa 2014). Interestingly, archaeal species that utilize the (αβ)2 endonuclease 
family typically contain a higher percentage of unusual tRNA genes (non-canonical intron 
placement, split, permuted, etc.). This anomaly is consistent with the fact that the (αβ)2 
configuration allows a greater range of substrates beyond the strict BHB (Randau et al. 
2005a). In eukaryotic pre-tRNA splicing, the SEN/TSEN complex recognizes the mature 
tRNA body and uses a “ruler mechanism” to measure and identify the cut sites (Greer et 
al. 1987; Reyes and Abelson 1988; Di Nicola Negri et al. 1997). Specifically, in yeast, 
SEN54 interacts with the D-arm and acceptor stem of the pre-tRNA, and positions the 
catalytic complex members in the appropriate location (Trotta et al. 2006; Xue et al. 
2006). Ultimately, despite the differences between enzyme complex configuration and 
pre-tRNA structure, the end product of cleavage is the same in both archaea and 
eukaryotes. 
 
Figure 1.4 Diagram of the “Direct” and “Healing and sealing” tRNA splicing pathways. For 
simplicity, the direct ligation enzymes and the cleavage complex depicted are from human; the 
healing and sealing enzymes depicted are from yeast. Pre-tRNAs are cleaved by the TSEN 
complex or an ortholog in organisms other than humans. In yeast and plants, Rlg1/Trl1 “heals” the 
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broken RNA ends via kinase and cyclic phosphodiesterase activity. The tRNA exons are then 
joined by the ligase domain (upper branch/orange arrows). Rlg1/Trl1 also phosphorylates the 5' 
end of the intron, making it a substrate for the 5' to 3' exonuclease Xrn1. In archaea and 
metazoans, a single enzyme HSPC117/RtcB directly ligates the exon halves and intron ends 
(lower branch/blue arrows).   
Following pre-tRNA cleavage is ligation of the tRNA exon halves. When a pre-
tRNA is cleaved in any organism, including archaea, non-canonical RNA ends are 
generated: a 5'-OH on both the intron and 3' exon, and a 2',3'-cyclic phosphate on both 
the 5' exon and intron (Lopes et al. 2015). Although all eukaryotes share the mechanism 
of cleavage, there are notable differences in the ligation step. Plants and fungi differ from 
metazoans in that they utilize the “healing and sealing” tRNA ligation pathway (Figure 1.4, 
upper branch/orange arrows). A multifunctional enzyme, called Rlg1/Trl1 in yeast, 
contains three domains that perform three activities. First, the RNA ends are “healed”: 
the kinase domain phosphorylates the 5' end of the 3' exon, and the cyclic 
phosphodiesterase domain opens the 2',3'-cyclic phosphate on the 5' exon to a 2'-
phosphate and 3'-OH. Second, the tRNA exon halves are “sealed” via the ligase domain 
of Rlg1/Trl1. After ligation, the extra 2'-phosphate at the junction of the newly formed 
tRNA is removed by a 2'-phosphotransferase enzyme called Tpt1 (Yoshihisa 2014).  
In contrast to the healing and sealing pathway, a single enzyme catalyzes the 
joining of tRNA exon halves in metazoans and archaea (lower branch, blue arrows). The 
human tRNA ligase HSPC117 is homologous to RtcB, an RNA repair enzyme found in 
both bacterial and archaeal genomes (Popow et al. 2012). In this type of tRNA exon 
ligation, termed “direct ligation”, HSPC117 directly ligates the exon halves using the 2',3'-
cyclic phosphate of the 5' exon as the junction phosphate (Popow et al. 2011); there is 
no addition of an external phosphate and thus no need for a phosphotransferase. 
Although this type of ligation activity had been detected in human cells as early as 1983 
(Filipowicz and Shatkin 1983; Laski et al. 1983), the identity of the ligase was unknown 
until 2011. The long-sought HSPC117 was purified by the Martinez lab, firmly 
establishing that tRNA exon ligation is primarily carried out by RtcB-type activity in 
human cells (Popow et al. 2011).  
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Despite the seemingly clear-cut segmentation of these two tRNA ligation paths, 
there are interesting anomalies regarding the presence of certain tRNA splicing enzymes 
in particular organisms. For example, lancelets are part of the animal kingdom and thus 
would be predicted to utilize the direct ligation pathway. However, upon genome 
sequencing, the Florida lancelet Branchiostoma floridae was found to possess healing 
and sealing tRNA splicing enzymes (Englert et al. 2010). Strangely, rather than the three 
enzymatic activities being in one multifunctional protein, the ligase activity is in trans to a 
dual kinase/cyclic phosphodiesterase enzyme (Englert et al. 2010). Furthermore, B. 
floridae encodes a second enzyme with RNA kinase activity, called Clp1 (Englert et al. 
2010). The purpose of two RNA kinases as well as the separation of the “healing” and 
“sealing” domains is unclear. 
Another example of irregularities is the presence of healing and sealing-type 
enzymes in mammalian genomes, such as 2'-phosphotransferase activity found in the 
human TRPT1. Strikingly, some of these enzymes can perform the corresponding 
function of Rlg1/Trl1. For example, human CLP1, an RNA kinase, can complement 
mutations in the kinase domain of Rlg1/Trl1 (Ramirez et al. 2008). Additionally, rat CNP 
can genetically compensate for mutations in cyclic phosphodiesterase domain of 
Rlg1/Trl1 (Schwer et al. 2008). Considering that a direct tRNA ligase was purified out of 
human cells (Popow et al. 2011), the presence of these enzymes in mammalian 
genomes is interesting to ponder. Are there two tRNA splicing pathways in mammals? 
Remarkably, the fourth enzymatic activity in the healing and sealing pathway has 
also been detected in human cells. Despite previous studies indicating that the junction 
phosphate in human tRNA splicing is derived from the 5' exon (Filipowicz and Shatkin 
1983; Laski et al. 1983), a 1991 report showed that HeLa cell extract was able to 
incorporate an exogenous phosphate from radiolabeled ATP into the tRNA splice 
junction, suggesting that a healing and sealing-type ligase exists in human cells 
(Zillmann et al. 1991). This mysterious ligase has never been identified, neither by 
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chromatographic purification/mass spectrometry nor bioinformatically via homology to 
the ligase domain of Rlg1/Trl1. Furthermore, mouse models suggest that Cnp1 and Trpt1 
are not essential, as there are no overt phenotypes upon knockout of either gene 
(Lappe-Siefke et al. 2003; Harding et al. 2008). Thus, the question of if there truly are 
two tRNA splicing pathways in HeLa cells remains a mystery. The early work in HeLa 
cells suggests that direct ligation is the primary pathway for tRNA splicing in metazoans 
(Filipowicz and Shatkin 1983; Laski et al. 1983); thus, if there is a second pathway, it is 
likely a backup, or perhaps activated in a cell-stress manner. Further investigation will be 
needed to determine if this is the case. 
Fate of tRNA introns 
Although the main difference between the two tRNA ligation pathways is the 
presence or absence of external phosphate incorporation into the mature tRNA, a 
second variance between the two pathways is the fate of the intron, described below. 
Direct ligation pathway 
An early report of tRNA intron fate in archaea is a 2003 study from the Gupta lab, 
where they found that tRNA introns from the archeon Haloferax volcanii are circularized 
(Salgia et al. 2003). The circular nature of these introns was verified by RT-PCR with 
diverging primers and Sanger sequencing, and was also shown to be 3',5'-
phosphodiester linkage (Salgia et al. 2003). Another group developed an RNA 
sequencing method to identify new circular RNAs; they detected circularized tRNA 
introns as well as circularized rRNA introns in other archaeal species, suggesting that 
circular RNAs in archaea may be more widespread than initially postulated (Danan et al. 
2012).  
Subsequently, there were several mentions of a “circular intron” band in human 
cell tRNA splicing experiments, although this band was never discussed in the text, and 
circularity was never verified (Popow et al. 2011, 2014). However, circularized tRNA 
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introns were unambiguously discovered in metazoans by way of an algorithm designed 
to examine chimeric RNA-seq reads (Lu and Matera 2014; Lu et al. 2015). Follow-up 
experiments verified tRNA intron circularity by RT-PCR with diverging primers, 
resistance to exonuclease treatment, and Sanger sequencing of the junction (Lu et al. 
2015; Schmidt et al. 2016). These molecules were termed tRNA intronic circular 
(tric)RNAs. Further studies found tricRNAs to be incredibly stable, highly abundant 
throughout Drosophila development, and conserved among insects. It is presumed that 
the splicing of any of the 16 intron-containing tRNA genes in flies will produce a tricRNA 
(Lu et al. 2015). 
Healing and sealing pathway 
In yeast, tRNA introns are typically undetectable by Northern blot. This lack of 
detectability is striking, considering that approximately 600,000 tRNA introns are 
produced per generation (Waldron and Lacroute 1975; Wu and Hopper 2014). To 
determine how tRNA introns are rapidly degraded in yeast, Anita Hopper’s lab performed 
a genome-wide haploid deletion screen and monitored tRNA intron abundance by 
Northern blot. From this 2014 screen, the 5' to 3' exonuclease Xrn1 was identified as the 
factor that carries out tRNA intron degradation (Wu and Hopper 2014). Because Xrn1 is 
known to require a 5'-phosphate on its substrates, further experimentation showed that 
the kinase domain of Rlg1/Trl1 performs this phosphorylation event. Thus, Rlg1/Trl1 
phosphorylates both the intron and 3' exon; it is not known if the cyclic 
phosphodiesterase domain also acts on the intron in addition to the 5' exon. However, 
only tRNA exons are a substrate for ligation by Rlg1/Trl1; in contrast to the archaea and 
metazoans, tRNA introns do not become circularized in yeast. It is not clear why 
Rlg1/Trl1 cannot ligate tRNA introns. Perhaps the supply of free nucleotides produced 
from intron degradation provides an energetic benefit that is not available if the introns 
were circularized.  
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Function of tRNA introns 
The existence of introns in genes is perplexing, considering that their removal is a 
time- and energy-intensive process, not only to transcribe the extra sequences but also 
to remove them. Despite these costs, introns are widely distributed in all kingdoms of life 
in both protein-coding and non-coding genes; thus, there must be some selective 
advantage to carrying introns within a genome. It is also possible that introns have a 
specific function. In the case of tRNA introns, it is highly likely that they are functional, at 
least on some level. For example, yeast tRNA introns are rapidly degraded (Wu and 
Hopper 2014), but this process creates a pool of free nucleotides that may be important 
for actively cycling cells.  
It is also important to consider the function of tRNA introns at various levels of the 
tRNA maturation process. For example, archaeal tRNA introns were proposed to protect 
the genome from viral integration (Randau and Söll 2008); also, the existence of introns 
in yeast tRNA genes can affect the nearby chromatin state, as certain tRNA genes can 
act as insulators (Donze et al. 1999; Donze and Kamakaka 2001). Thus, there is 
precedence for the importance of tRNA introns at the DNA level. In addition, introns have 
been shown to function at the transcript level before splicing. One specific case is the 
methylation of a leucine tRNA; in both humans and yeast, the methyltransferase Trm4 
specifically requires an intron for its proper enzymatic activity (Grosjean et al. 1997).  
Furthermore, the excised and ligated circular tRNA introns of metazoans and 
archaea may have a specific role. For example, in the archeon Haloferax volcanii, the 
tricRNA derived from a tryptophan tRNA gene contains a C/D box and, upon splicing, 
can guide modification of its parent tRNA (Singh et al. 2004). In addition, the abundance 
of tricRNAs in Drosophila, combined with the high conservation of tRNA intron sequence 
and structure among Drosophilid species, suggests that tricRNAs may play an important 
function. In particular, the CR31905 tyrosine tRNA gene encodes a large 113 nucleotide 
intron that forms a highly base-paired predicted secondary structure (Lu et al. 2015). 
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This arrangement led us to consider the possibility that the tricRNA from this tRNA gene, 
tric31905, is a substrate for Dicer-type activity. Indeed, analysis of a small RNA-seq 
dataset identified miRNA-sized reads mapping to the intron of CR31905 with very 
precise start and end sites (Lu et al. 2015). Additionally, we noted that the reads were 
preferentially found on one half of the intron. These findings suggest that tric31905 is 
likely being processed into miRNAs. It is not clear if these are functional miRNAs or 
simply degradation intermediates. Further analysis will be needed to determine if other 
tricRNAs in Drosophila are processed similarly. 
Connecting tRNA splicing to human disease 
tricRNAs have been shown to be abundant and highly conserved in fruit flies, in 
part due to their larger size. This is not the case in humans, where tRNA introns are too 
small (~16-20 nucleotides) to be included in typical RNA-seq cDNA libraries (Chan and 
Lowe 2016). Similarly, human tricRNAs would not be enriched within miRNA or siRNA 
libraries because they are circular and do not contain the ends that are needed for library 
adaptor ligation. Thus, human tricRNAs have yet to be identified, although human cells 
are capable of producing tricRNAs from both fly and human tRNA genes bearing various 
reporter introns (Lu et al. 2015; Schmidt et al. 2016). Despite this absence, tRNA splicing 
in humans still necessitates analysis due to an intriguing disease connection. 
 tRNAs participate in the basic cellular process of gene expression; thus, it is 
perplexing that mutations in human tRNA processing factors specifically cause 
neurological diseases. Indeed, missense and nonsense mutations in any member of the 
human TSEN complex are associated with Pontocerebellar Hypoplasia (PCH), a group 
of rare neurodegenerative disorders primarily affecting brain development (Budde et al. 
2008). All known subtypes of PCH are autosomoal recessive, and many cases are found 
in consanguineous families (Budde et al. 2008; Namavar et al. 2011b; Breuss et al. 
2016). The primary features of PCH are microcephaly combined with structural defects in 
the brain, leading to developmental delays, locomotor dysfunction, and premature death 
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(Cassandrini et al. 2010; Namavar et al. 2011a). Recently, a new subtype of PCH was 
identified in a group of Turkish families displaying high degrees of consanguinity (Karaca 
et al. 2014; Schaffer et al. 2014; Wafik et al. 2018). PCH10 shares many of the clinical 
features of other PCH subtypes, and it is associated with mutations in the human CLP1 
gene. CLP1 encodes an RNA kinase that is able to complement mutations in the kinase 
domain of yeast Rlg1/Trl1 (Ramirez et al. 2008). Although it has been shown to 
phosphorylate tRNA 3' exons in vitro (Weitzer and Martinez 2007), its in vivo role in tRNA 
splicing remains unknown. Remarkably, all reported cases of PCH10 display the same 
mutation in CLP1: a homozygous G>A point mutation that results in the substitution of a 
histidinine residue in place of an arginine, yielding hypomorphic kinase activity (Karaca 
et al. 2014; Schaffer et al. 2014; Wafik et al. 2018).  
Several groups have attempted to model PCH. One study utilized morpholino 
knockdown of TSEN54 in zebrafish and observed several brain-related phenotypes, 
including hypoplasia, loss of structural definition, and increased cell death in the brain 
(Kasher et al. 2011). A loss-of-function nonsense mutation was also generated, which 
resulted in premature death upon heterozygosity. Another group, in efforts to study the in 
vivo function of CLP1, generated a kinase dead mutation in mouse Clp1. These animals 
exhibited progressive loss of motor neurons and denervation of neuromuscular junctions, 
leading to axon degeneration, impaired locomotion, and fatal respiratory failure (Hanada 
et al. 2013). Further characterization of the mutant mice identified microcephaly (Karaca 
et al. 2014). An additional model of PCH10 was generated by ENU mutagenesis of 
zebrafish Clp1. Homozygous mutant zebrafish displayed viability and locomotor defects, 
as well as a dramatic increase in apoptotic cells in the brain (Schaffer et al. 2014).  
Despite the observed consistencies in phenotypes between the animal models 
and human patients, none of the mutants generated bear patient-derived mutations. 
Because of this discrepancy, these models are only effective if the mechanism of 
disease is loss of function. It is possible that the mutations in PCH patients are 
 16 
neomorphic or perhaps separation-of-function. Therefore, generating patient-derived 
mutations of CLP1 or TSEN complex members will allow for asking a broad range of 
experimental questions, including determining if these proteins implicated in PCH have 
additional functions. One organism where this is possible is the fruit fly Drosophila 
melanogaster. Due to high conservation with many human genes, inexpensive upkeep, 
and the ease of genetic engineering, many human diseases have been modeled in fruit 
flies with great success. Thus, the lack of patient-derived mutant data in model 
organisms could be addressed by modeling PCH in Drosophila. Furthermore, the 
connection of these neurological diseases to tRNA splicing could be established by 
examining tRNA splicing products, such as tricRNAs, that are particularly abundant and 
easy to detect in flies. It is possible that tricRNAs could be utilized as biomarkers in these 
diseases. 
Identifying new regulators of tRNA processing 
Although much is known about tRNA splicing from work in yeast and human cells, 
the recent emergence of tricRNAs as a newly discovered biological molecule shows that 
our understanding is incomplete. Are there additional regulators of tRNA splicing? A 
particularly interesting candidate protein is the aforementioned RNA kinase CLP1. In 
2004, the human TSEN complex was identified via sequence homology to the yeast SEN 
complex (Paushkin et al. 2004). Biochemical purification and further analysis of the 
human TSEN complex indicated the presence of an additional member, which was 
revealed to be CLP1 by mass spectrometry. This finding was unusual, because CLP1 is 
a known component of mRNA 3' end processing machinery (de Vries et al. 2000). 
Nevertheless, immunoprecipitation experiments suggested that these two RNA 
processing complexes were associated with each other (Paushkin et al. 2004). Further 
characterization of CLP1 revealed that it is an RNA kinase that can phosphorylate the 5' 
end of tRNA 3' exons in vitro (Weitzer and Martinez 2007). Other experiments showed 
that human CLP1 can complement mutations in the kinase domain of yeast TRL1, 
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suggesting that CLP1 can also phosphorylate tRNA 3' exons in vivo (Ramirez et al. 
2008). That complementation was dependent on the kinase activity of human CLP1, as a 
kinase dead mutant did not restore growth in the yeast. 
What is CLP1 doing as both a member of the tRNA splicing endonuclease 
complex, as well as the mRNA 3' end processing machinery? It appears that the kinase 
activity of CLP1 is dispensable for its role in 3' end-processing. A reporter assay showed 
no difference in mRNA cleavage efficiency between MEFs derived from wild-type mice 
and Clp1 kinase dead mice (Hanada et al. 2013). Rather, CLP1 seems to play a 
structural role, associating with PCF11 to form the cleavage factor IIm complex (Weitzer 
et al. 2014).  
However, the kinase activity of CLP1 does appear to be important in metazoans. 
Further attempts to characterize Clp1 came in 2013, when the Martinez lab generated a 
kinase dead Clp1 mouse model (Hanada et al. 2013). Strikingly, the mutant mice 
displayed tRNA processing defects as well as extensive neurological phenotypes, 
including impaired innervation of the diaphragm leading to respiratory failure, loss of 
motor neurons leading to neuromuscular atrophy, and disruption of neuromuscular 
junctions. These phenotypes could be rescued by expression of wild-type Clp1 in motor 
neurons, suggesting a tissue-specific function for Clp1 (Hanada et al. 2013).   
At that point, CLP1 was proposed to be a part of a yeast-like tRNA splicing 
pathway in human cells, wherein, as a member of the TSEN complex, it would 
phosphorylate a tRNA 3' exon upon cleavage by TSEN. This hypothesis was supported 
by the presence of other healing and sealing-type enzymes encoded by the human 
genome (namely the cyclic phosphodiesterase CNP and 2'-phosphotransferase TRPT1). 
In addition, as previously mentioned, a yeast-like tRNA ligase activity had been detected 
in human cells (Zillmann et al. 1991). However, as the identity of this ligase remains a 
mystery, whether this type of tRNA splicing pathway exist in human cells remains to be 
seen. Consistent with the absence of a “healing and sealing”-type ligase to this point, the 
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discovery of HSPC117 as the “direct” tRNA ligase in human cells (Popow et al. 2011), 
indicates that the direct ligation pathway is likely the predominant form of tRNA splicing 
in human cells, in agreement with previous reports from human cells (Filipowicz and 
Shatkin 1983; Laski et al. 1983). Thus, it is still unclear what the exact role of CLP1 is in 
metazoan tRNA splicing. Interestingly, the kinase activity of CLP1 inhibits RtcB, the 
direct ligation enzyme in metazoans; RtcB can only use 5'-OH as a substrate for ligation 
(Popow et al. 2011). Perhaps CLP1 is acting in a negative regulatory manner to control 
tRNA and tricRNA biogenesis. Further investigation will shed light on this question. 
Summary 
Although there has been a significant body of work on tRNA splicing in both 
human cells and yeast, there is a striking lack of in vivo information on this process in 
metazoans. To address this gap, we utilized Drosophila melanogaster for our tRNA 
splicing studies so that we could examine all known outputs of the pathway, including 
tricRNAs. We found important cis- and trans-regulatory factors important for splicing, and 
we also generated an in vivo model of a human neurodegernative disease. Our cellular 
and animal studies add to the body of knowledge in the field and lay the foundation for 




CHAPTER 2: A METHOD FOR EXPRESSING AND IMAGING ABUNDANT, 
STABLE, CIRCULAR RNAS IN VIVO USING TRNA SPLICING1  
Authors: Casey A. Schmidt, John J. Noto, Grigory S. Filonov, and A. Gregory Matera 
Introduction 
Circular RNAs 
The subject of circular RNAs (circRNAs) is emerging as an important and diverse 
field of biological study, due in large part to advances in high-throughput sequencing. 
Once thought to exist merely as rare or aberrantly generated artifacts of pre-messenger 
RNA splicing, circRNAs have recently been shown to be an abundant and evolutionarily 
conserved class of RNAs (Salzman et al. 2012; Jeck et al. 2013). A range of cellular 
roles have been attributed to circRNAs including regulation of transcription and the ability 
to behave as molecular sponges, competing with endogenous targets for binding of 
RNA-binding proteins (Ashwal-Fluss et al. 2014) or microRNAs (Memczak et al. 2013; 
Hansen et al. 2013). In addition, circRNA expression is associated with disease risk in 
humans (Burd et al. 2010). Expression of circRNAs can be tightly regulated by cis- and 
trans-factors and in a tissue-specific and developmentally timed manner (Salzman et al. 
2013; Conn et al. 2015; Kramer et al. 2015), suggesting further functional relevance. 
CircRNAs can be generated through a number of biogenesis pathways, the most well 
known of which involves ligation of a splice donor to an upstream splice acceptor during 
mRNA splicing by a process termed “back-splicing”. 
                                                
1 This chapter previously appeared as an article in Methods in Enzymology. The original citation is 
as follows: C. A. Schmidt, J. J. Noto, G. S. Filonov, A. Gregory Matera. 2016. A Method for 
Expressing and Imaging Abundant, Stable, Circular RNAs In Vivo Using tRNA Splicing. Methods 
in Enzymology 572: 215-236.  
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Engineering and imaging circRNAs 
Few tools have been specifically developed to facilitate circRNA research. 
Although several methods have been used to circularize RNAs in vitro, directed 
generation of circRNAs in vivo has only recently been accomplished (for a review of RNA 
circularization strategies, see (Petkovic and Müller 2015)). Engineered circRNAs have 
already been shown to be capable of serving as a template for translation (Chen and 
Sarnow 1995; Wang and Wang 2015) given the presence of an internal ribosome entry 
site (IRES). Several groups have engineered minigenes consisting of minimal elements 
optimized to promote circularization of a specific sequence via back-splicing (Ashwal-
Fluss et al. 2014; Wang and Wang 2015). Despite these advances, there remains a 
need for an in vivo, high-copy, circular RNA expression system. We have recently 
developed an orthogonal approach to directed circRNA expression (Lu et al. 2015), 
utilizing the process of tRNA splicing to produce tRNA intron-derived circular RNAs 
(tricRNAs). First identified in archaea (Salgia et al. 2003) tricRNA generation seems to 
be a conserved feature of tRNA splicing in metazoans (Lu et al. 2015). tRNAs undergo 
extensive post-transcriptional RNA processing (for a review, see (Yoshihisa 2014)), 
including recognition and cleavage of intron-containing tRNAs by the tRNA splicing 
endonuclease (TSEN) followed by ligation of exon halves by the RNA ligase RtcB. 
During this process, the tRNA intron is also ligated by RtcB in a head-to-tail fashion to 
form a stable circRNA (Figure 2.1). In our engineered tricRNA system, tRNA-intronic 
sequences are replaced with the sequence of the desired circRNA. Expression and 
splicing of these tRNAs results in robust production of stable “designer” tricRNAs. 
circRNAs made from this platform are expressed at the levels comparable to those of 
other high-copy housekeeping genes transcribed by RNA polymerase III (pol III).  
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Figure 2.1 Pre-tRNAs with introns are processed into mature tRNAs and tricRNAs. The tRNA 
splicing endonuclease (TSEN) complex cleaves at the bulge-helix-bulge (BHB) motif of the pre-
tRNA, generating 50-OH and 20,30-cyclic phosphate ends. Processing also includes cleavage of 
the 50 leader and the 30 trailer sequences by RNaseP and RNaseZ, respectively. Ligation of the 
tRNA exons and circularization of the intron are carried out by the RtcB ligase. 
To create tricRNA reporter constructs that monitor expression, we have taken 
advantage of fluorogenic RNA aptamer technology. We inserted sequences 
corresponding to the RNA aptamers Broccoli and Spinach2 (Paige et al. 2011; Strack et 
al. 2013; Filonov et al. 2014, 2015), respectively, into tricRNA expression vectors. These 
aptamers bind to the fluorophore DFHBI-1T, which has negligible toxicity when applied to 
living cells. DFHBI-1T is a chromophore that mimics green fluorescent protein (GFP) and 
has very low background fluorescence. When bound by Broccoli or Spinach2, DFHBI-1T 
fluorescence is greatly enhanced, allowing us to use cellular and electrophoretic imaging 
techniques to characterize tricRNA production, localization, and stability. 
Design and generation of tricRNA vectors 
Here we describe the cloning steps that are necessary to isolate a parental tRNA 
gene, place it into an appropriate cloning vector, mutagenize the intron, and add an 
external promoter. 
 22 
Isolation of parental tRNA gene 
To generate a tricRNA expression vector, a tRNA gene with an intron must be 
chosen. One good resource for this criterion is the genomic tRNA database (Chan and 
Lowe 2009). For our purposes we used Drosophila CR31905, a Tyr:GTA gene with a 
113 nucleotide intron. We have also had success with CR31143, a Leu:CAA gene that 
bears a 40 nucleotide intron. We chose these tRNAs based on their intron size and on 
the number of RNA-seq reads mapping to the intron. In addition, we have used TRY-
GTA3-1, a human Tyr:GTA tRNA gene that contains a 16 nucleotide intron.  
Notes on cloning method  
Cloning a given tRNA gene into a suitable vector can be achieved in a variety of 
ways. For example, traditional “cut and paste” restriction enzyme cloning can be used for 
this task. Alternatively, several commercial kits such as Gateway, In-Fusion, and TOPO-
TA avoid the use of restriction enzymes.  
Notes on primer design  
Primers should be designed according to the specific cloning protocol (e.g. 
adding the attB/attP sites to primers for Gateway cloning). For the annealing portion of 
the primer, we recommend amplifying ~20 nucleotides upstream of the 5’ tRNA exon and 
~35 nucleotides downstream of the 3’ tRNA exon. The region downstream of the 3’ tRNA 
exon must contain a run of at least 4 T residues, which, when transcribed, serve as a 
termination signal for pol III. Conversely, the tricRNA you are trying to express should not 
contain such a run of T residues.  If restriction enzyme cloning is utilized, ensure that the 
chosen enzymes are buffer compatible for ease of cloning.  
Notes on the vector  
For the initial cloning, we recommend using a relatively compact vector, such as 
pGEM, pBluescript, or pDONR. These vectors are more amenable to downstream site-
directed mutagenesis that is necessary for generating a designer tricRNA. Larger vectors, 
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such as pAV, are more difficult to mutagenize. Thus, we recommend using larger vectors 
for the final cloning step (see Figure 2.4).  
Materials and equipment: 
• Micropipette and tips 
• Vector (pGEM and pBlueScript variants can be purchased from Addgene 
(www.addgene.org); pDONR can be purchased from ThermoFisher 
Scientific, cat# 12536-017) 
• Template DNA (genomic DNA) 
• PCR primers 
• Thin-walled PCR tubes 
• Thermal cycler 
• PCR reagents 
o Gateway: ThermoFisher Scientific cat# 11789013 for BP reaction; 
cat# 11791019 for LR reaction 
o In-Fusion: Clontech cat# 638909 
o TOPO-TA: ThermoFisher Scientific cat# 451641 
o “Cut and paste” restriction enzyme cloning supplies: heat-stable 
DNA polymerase, dNTPs, PCR buffer, MgCl2, restriction enzymes 
and corresponding buffer, DNA ligase and corresponding buffer 
• Agarose gel casting supplies 
• Gel box 
• Power supply 
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• DNA size ladder 
• Loading buffer 
• PCR purification kit (optional – we recommend QIAquick PCR Purification 
Kit; Qiagen cat#28104) 
• Chemically competent cells 
• 42° heat source 
• Agar plates with appropriate selection agent 
• Plate spreader 
• 37° incubator 
• Culture tubes 
• LB broth with appropriate selection agent 
• Miniprep kit (we recommend QIAprep Spin Miniprep Kit; Qiagen cat# 
27104) 
• DNA sequencing facility or service 
Workflow (Figure 2.2): 
1. Design primers appropriate for the chosen cloning method using the above 
criteria. 
2. Use PCR to isolate the tRNA gene from genomic DNA. Ensure that the 
product is the correct size by agarose gel electrophoresis. 
3. Optional: Column purify the PCR product to remove unincorporated 
nucleotides. 
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4. Follow the manufacturer’s protocol to insert the PCR product into the vector of 
choice. 
We used Gateway cloning to insert CR31905 into pDONR.  
5. Screen transformed colonies by sequencing to ensure accuracy. 
We termed our resultant construct, pTRIC31905. 
6. Optional: Transfect the construct into an appropriate cell line, isolate RNA, 
and determine if tricRNAs are made using a method described in Figure 2.5. 
We used RT-PCR to show that pTRIC31905 makes a tricRNA in HeLa 
cells (Lu et al. 2015). See Table 2.1. 
 
 
Figure 2.2 tRNA genes with introns can be cloned into a small vector using a PCR-based cloning 
method. 
Mutagenesis of parental tRNA gene 
The next step is to modify the intron of the cloned tRNA by adding restriction sites 
for future subcloning. We have had good success using NEB’s Q5 Site-Directed 
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Mutagenesis Kit. The NEB website includes a particularly useful tool, called 
NEBaseChanger, which helps design the primers for site-directed mutagenesis and 
suggests PCR conditions (http://nebasechanger.neb.com/).  
Notes on choosing restriction sites  
The bulge-helix-bulge (BHB) motif within the pre-tRNA is necessary for proper 
splicing (Figure 2.1). Thus, it is important to maintain this structure. We chose NotI and 
SacII, which partially pair in a helix below the BHB of Tyr:GTA. We retained several 
nucleotides of the native intron to maintain the tRNA structure. We recommend using an 
RNA drawing application, such as VARNA (Darty et al. 2009), to assist in the 
visualization of these changes. Again, it is important to avoid introducing a run of four T 
residues, which will terminate transcription.  
Materials and equipment: 
• Micropipette and tips 
• PCR primers 
• Template DNA (created in previous step) 
• Thin-walled PCR tubes 
• Thermal cycler 
• Q5 Site-Directed Mutagenesis Kit (NEB cat# E0554S) 
• 42° heat source 
• Agar plates with appropriate selection agent 
• Plate spreader 
• 37° incubator 
• Culture tubes 
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• LB broth with appropriate selection agent 
• Miniprep kit  
• DNA sequencing facility or service 
Workflow (Figure 2.3): 
1. Design primers using NEBaseChanger. 
2. Follow the manufacturer’s protocol for the Site-Directed Mutagenesis Kit.  
3. Screen colonies by sequencing to ensure accuracy. 
We termed our resultant construct, pTRIC-Y (Y for tyrosine). 
4. Optional: Transfect construct into an appropriate cell line, isolate RNA, and 
determine if tricRNAs are made using a method described below. 
See Table 2.1.  
 
Figure 2.3 The tRNA gene can be modified by site-directed mutagenesis to place restriction 
enzymes in the intron for convenient subcloning. 
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Addition of external promoters 
The expression of tricRNAs is limited by the strength of the internal tRNA 
promoter. Expression can be increased by the addition of external RNA pol III promoters, 
such as 5S, 7SK, or U6. We used a three-way cloning approach to put pTRIC-Y under 
the control of the human 5S and U6 promoters. 
Notes on pol III promoters   
We have observed that addition of proximal nucleotides from the poll III-
transcribed gene can have a positive effect on transcription. For example, it has been 
shown that adding the first 27 nucleotides of the human U6 snRNA promotes capping of 
the transcript, greatly increasing its stability (Good et al. 1997). Furthermore, we used 
the human 5S promoter with 117 nucleotides of the rRNA, leading to a much longer pre-
tRNA but also a more highly expressed tricRNA (see Figure 2.6A). Thus, in choosing a 
promoter, consider making two constructs: one with just the promoter, and one with the 
promoter plus several nucleotides of the downstream RNA.  
Notes on cloning 
We took a three-way restriction enzyme cloning approach for this step. A 
schematic can be seen in Figure 2.4. When selecting a vector, ensure that the restriction 
sites that are now in the intron do not appear anywhere else in the vector. Additionally, a 
vector more suited to specific applications can be used. For example, we chose pAV 
because we frequently transfect our constructs into HEK293T cells.  
Materials and equipment: 
• Micropipette and tips 
• Template DNA 
o tRNA template – created in previous step 
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o pol III promoter template –vector that contains the desired 
promoter (check Addgene) or genomic DNA  
• PCR primers 
• Thin-walled PCR tubes 
• Thermal cycler 
• Heat-stable DNA polymerase 
• dNTPs 
• PCR buffer 
• MgCl2 
• Restriction enzymes and corresponding buffer 
• Agarose gel casting supplies 
• Gel box 
• Power supply 
• DNA size ladder 
• Loading buffer 
• PCR purification kit 
• Gel purification kit (we recommend QIAquick Gel Extraction Kit; Qiagen 
cat# 28704) 
• DNA ligase and corresponding buffer 
• Chemically competent cells 
• 42° heat source 
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• Agar plates with appropriate selection agent 
• Plate spreader 
• 37° incubator 
• Culture tubes 
• LB broth with appropriate selection agent 
• Miniprep kit  
• DNA sequencing facility or service 
Workflow (Figure 2.4): 
1. Design primers to isolate both the intron-modified tRNA and the pol III 
promoter of choice (including additional nucleotides, if desired) with 
appropriate restriction enzymes. Ensure the enzymes are buffer compatible. 
We used BamHI and SalI to isolate the promoters, and SalI and XbaI to 
isolate the tRNA.  
2. Use PCR to isolate the tRNA and the promoter from appropriate templates. 
For the intron-modified tRNA, use the construct created by site-directed 
mutagenesis. For the promoter, use genomic DNA or a plasmid that contains 
the desired promoter sequence. 
We used pAV U6+27 from Addgene for the U6* promoter. 
3. Optional: Column purify the PCR products to remove unincorporated 
nucleotides. 
4. Digest an application-specific vector with the appropriate restriction enzymes. 
We typically digest 1µg of vector for 1 hour at 37° and purify on a 0.5% 
agarose gel. 
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5. Ligate the digested PCR products and vector, using a 3:1 molar ratio of each 
insert to vector. 
6. Transform the ligation reaction into chemically competent cells. Plate the 
transformation reaction onto selection media. 
7. Screen transformed colonies by sequencing to ensure accuracy. 
We termed out resultant constructs pTRIC-Y_5S, pTRIC-Y_U6, and 
pTRIC-Y_U6*. 
8. Optional: Transfect the constructs into an appropriate cell line, isolate RNA, 
and determine if tricRNAs are made using a method described in Figure 2.5. 
 
Figure 2.4 External promoters can be added to boost expression of tricRNAs. The addition of 
these elements can be carried out by three-way restriction enzyme cloning. 
In vivo expression of tricRNAs 
Typical RNA-seq cDNA libraries are size-excluded and thus we currently do not 
have evidence for endogenous human tricRNAs (which would be circular and only 16-21 
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nt long). However, we have found that human cells possess all the necessary machinery 
to generate tricRNAs (Lu et al. 2015). Using either Drosophila or human pre-tRNA 
constructs, we have observed tricRNA production in HeLa, HEK293T, and U87 cells. We 
have also expressed exogenous tricRNAs in Drosophila S2 cells.  
Transfection 
To assess tricRNA expression, constructs are transfected into an appropriate cell 
line. RNA is then isolated and products are analyzed.  
Notes on cell line  
We have successfully expressed tricRNAs in several cell lines, including U87, 
HeLa, HEK293T, and Drosophila S2. The appropriate cell line depends on downstream 
applications. We have found that HEK293T cells produce tricRNAs most robustly, with 
HeLa cells still an appreciable choice.  
Notes on transfection reagent 
We have used Effectene, Lipofectamine 2000, and FuGENE HD, and have had 
the most success with FuGENE.  
Materials and equipment: 
• Cell line of choice 
• Laminar flow hood 
• CO2 incubator 
• Sterile cell culture plates or flasks 
• Cell culture media (we use DMEM supplemented with 10% FBS and 1% 
Pen/Strep) and passaging reagents (PBS, trypsin) 
• Micropipette and tips 
• 1.5 mL tubes 
• Transfection reagent 
o Effectene: Qiagen cat# 1054250 
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o Lipofectamine 2000: ThermoFisher Scientific cat# 11668030 
o FuGENE HD: Promega cat# E2311 
• Materials for seeding cells 
o Inverted microscope 
o Hemacytometer 
o Trypan blue 
• DNA to transfect (tricRNA constructs and control) 
• TRIzol: ThermoFisher Scientific cat# 15596026 
• 3M Sodium acetate  
• 100% ethanol 
• Glycogen 
• 70% ethanol 
• TE buffer 
• Instrument to measure RNA concentration 
Workflow: 
1. Follow the transfection reagent protocol for seeding cells. 
When using FuGENE, we seed 1.0 x 106 cells in T25 flasks. 
2. Transfect cells according to the manufacturer’s protocol. 
We use 1µg of DNA with 5µL of FuGENE in 100µL of serum-free media. 
3. Incubate cells for 1-3 days. For a time course experiment, ensure that extra 
cells are seeded for the desired time points.   
We typically transfect for 3 days, changing the media every day. 
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RNA isolation 
For analysis of tricRNA expression, we isolate RNA using TRIzol reagent. While 
the manufacturer’s protocol can be followed with good RNA yields, we have made the 
following modifications with better success: 
1. Perform a second chloroform extraction. 
2. Precipitate RNA with 2.5 volumes of ethanol, 0.1 volumes of sodium acetate, 
and 5µL of glycogen instead of isopropanol.  
 
We use 1mL of TRIzol per T25 flask. After resuspending the RNA pellet in 100µL 
of TE, we make a 1:10 dilution and quantify the diluted RNA using a NanoDrop. We then 
calculate RNA concentration based on the dilution. Typical concentrations of the dilutions 
are 100-500 ng/µL (with original samples thus being 1-5 µg /µL).  
Analysis of products 
There are several ways to confirm tricRNA expression, including Northern blotting 
and RT-PCR. In addition, sequencing can be used to ensure that proper tRNA splicing is 
occurring. 
Northern blotting 
We have used Northern blotting to detect endogenous tricRNAs in several stages 
Drosophila development, and in S2 cells (Lu et al. 2015). A similar approach can be 
taken to detect exogenous tricRNAs from a transfection experiment. The probe must be 
designed so that it spans the putative junction of the tricRNA. It should be noted that 
circular RNAs migrate anomalously in polyacrylamide gels (Salgia et al. 2003; Lu et al. 
2015); thus, the tricRNA band may not appear exactly where it is expected. As 




This method is a straightforward way to confirm the presence of circular RNAs. 
To perform PCR, cDNA must first be made. Several commercial kits are available for this 
purpose; we typically use SuperScriptIII (ThermoFisher Scientific cat# 18080051). When 
the reverse transcriptase enzyme encounters a circular template, such as a tricRNA, it 
can transcribe the circle many times before falling off (Figure 2.5A), creating a linear 
cDNA concatamer with many repeats of the circle (Figure 2.5B). The concatameric 
cDNA has many binding sites for RT-PCR primers, and thus many PCR products are 
possible. The formula for the potential PCR products is (length of PCR product) + (length 
of circle)n, where n is repeats of the circle. If the tricRNA has a restriction site, the PCR 
product can be digested with a restriction enzyme, and the ladder of products will 
collapse into one band (Figure 2.5C).  
Note: the primers used for RT-PCR must be designed so that they would only 
amplify a circular product. The primers that bind to an individual repeat of the circle point 
away from each other, and amplification would not be possible if the RNA were linear 
(see Figure 2.5).  
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Figure 2.5 tricRNA expression can be analyzed several ways. (A) The reverse transcriptase 
enzyme can transcribe around a circular RNA template many times. (B) The resulting cDNA is a 
con- catamer, containing many repeats of the circle in a linear form. Thus, there are many binding 
sites for the RT-PCR primers. If there is a restriction site in the tricRNA, the PCR products can be 
digested with that restriction enzyme. (C) Running an RT-PCR reac- tion on an agarose gel 
results in a ladder of products. The digested PCR products col- lapse into one band. (D) The 
digested RT-PCR products can be ligated into a vector that has been cut with the same enzyme 
and phosphatase treated. It can then be sequenced to determine if the tricRNA is splicing as 
expected.  
Sequencing 
To determine if the pre-tRNA is being spliced properly, the RT-PCR products can 
be sequenced. We took the restriction enzyme-digested PCR product from the above 
experiment and ligated it into a vector cut with the same enzyme and treated with a 
phosphatase (Figure 2.5D). After transformation and harvesting DNA from cultures, we 
sequenced the plasmids using a sequencing primer in the vector. We were able to detect 
the insert in both directions, because the cloning was not directional. An alternative way 
to sequence the splice junction is to design PCR primers with a sequencing primer site 
on the 5’ end, perform PCR, and then send the PCR products to a sequencing facility. 
In-gel imaging of tricRNAs 
The recent development of fluorogenic RNA aptamers has enormous potential for 
live-imaging of RNAs. Additionally, the small size of certain aptamers (such as Broccoli, 
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which is 49 nt), allows for noninvasive tagging of cellular RNAs. In order to study the 
biogenesis and function of tricRNAs, we wanted to generate a fluorogenic tricRNA 
reporter. To do this, we cloned the 49nt Broccoli sequence into pTRIC-Y using NotI and 
SacII restriction sites. We termed the resulting construct pTRIC-Y:Broccoli (see Table 
2.1).  
 
Table 2.1 Precursor tRNAs and their resultant tricRNAs 
In addition to the internal promoter construct, we generated several external 





To analyze the products generated from transfection of these constructs, we 
utilized a novel in-gel staining protocol developed by the Jaffrey lab. This system allows 
for the visualization of all Broccoli-containing products; thus, both the pre-tRNA and the 
tricRNA are visible on the gel. We have confirmed the identity of both the circular and 
linear species using RNase R (Epicentre cat# RNR07250), an exonuclease that digests 
the majority of linear RNAs while leaving circular RNAs intact (not shown).  
Materials and equipment: 
• Polyacrylamide gel electrophoresis chamber 
• Power supply 
• 1X TBE 
• TBE-urea gel 
• Gel loading tips 
• RNA ladder 
• Gel loading buffer 
• Trays to stain gels (tip box lids work well) 
• DFHBI staining solution 
40mM HEPES pH 7.4 
100mM KCl 
1mM MgCl2 
10µM DFHBI-1T (Lucerna cat# 400-1mg) 
Prepare 50mL of the staining solution. Store up to several months at 4°C. 
Can be re-used several times. 
• Imager (we use a Typhoon TRIO+ Variable Mode Imager; a ChemiDoc 
MP can also be used) 
• Shaking platform 
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• SYBR gold or ethidium bromide  
• Imaging processing software 
Workflow: 
1. Transfect the desired cell line as described above with a Broccoli-containing 
tricRNA construct. 
We transfected HEK293T cells with several constructs using FuGENE HD, 
as described above. 
2. Harvest the cells and isolate RNA after the desired amount of time. Quantify 
RNA yields. 
3. Prepare an electrophoresis chamber with a TBE-urea polyacrylamide gel. 
We normally use 10% gels. 
4. Run 5-10µg of total RNA per well. 
We ran 10µg of total RNA at 300V for ~40 minutes in 1X TBE. 
5. Wash the gel 3 times for 5 minutes each in deionized water on a shaking 
platform. 
6. Incubate the gel in DFHBI-1T staining solution for 30 minutes on a shaking 
platform.  
7. Image the gel with an appropriate instrument. 
A fairly wide variety of gel-documentation systems that have fluorescence 
capabilities can be used. We use a Typhoon laser scanner for imaging. In 
aquisition mode, choose fluorescence, then choose setup. Ensure that an 
appropriate excitation wavelength (488) is chosen and that the correct 
emission filter (526 SP Fluorescein, Cy2, AlexaFluor488) is the only box 
selected.  
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8. Wash the gel 3 times for 5 minutes each in deionized water on a shaking 
platform.  
9. To visualize total RNA, stain the gel with ethidium bromide or SYBR gold 
according to the manufacturer’s protocol. 
Do not allow a total nucleic acid stain, like EtBr or SYBR Gold, to come 
into contact with the DFHBI-1T staining solution. Because DFHBI-1T 
imaging is extremely sensitive, the imager will pick up residual EtBr or 
SYBR Gold. Thus, ensure that separate staining trays are used.  
10. Process images using software such as ImageJ or Photoshop.  
We have found that increasing both the brightness and the contrast from 
a Typhoon image gives the best visualization. 
 
As a positive control, an in vitro transcript (IVT) can be generated and run on the 
gel along with total RNA. We have made an IVT of the pre-tRNA containing Broccoli in 
the intron. This transcript does not contain any leader or trailer sequences. We normally 
run 5ng of this RNA on gels. It serves as a positive control for both pre-tRNA size and 
DFHBI-1T staining efficiency.  
Figure 2.6 shows the expression a variety of constructs that were transfected into 
HEK293T cells. Notably, the external pol III promoters greatly increase the expression of 
the tricRNA, seen in Figure 2.6A. Each of the external promoters adds to the length of 
the pre-tRNA, but the circular RNA is unchanged. The pre-tRNA IVT is shown in the last 
lane of the gel. The pre-tRNA bands from the total RNA lanes are slightly longer, which 
is due to the fact that they contain leader and trailer sequences. The doublet of bands in 
the U6* lane is likely due to transcription starting at both the internal and external 
promoter 
In addition to the chimeric human promoter/fly tRNA constructs we have 
generated, we have also made an all-human construct and transfected it into HEK293T 
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cells for comparison (Figure 2.6B). The expression of the human tricRNA is similar to 
that of the chimeric construct. The human tricRNA is also expected to be slightly shorter, 
which is reflected on the gel.   
In a third experiment, we have created an all-fly construct, with a fly tRNA and the 
fly U6 promoter, and have transfected it into S2 cells (Figure 2.6C). Interestingly, there is 
no visible pre-tRNA in any lane.  
 
Figure 2.6 A novel in-gel imaging protocol allows for the visualization of Broccoli-tagged reporter 
tricRNAs in vitro. For all images, the DFHBI-1T (Broccoli-specific) stain is on the left, whereas the 
SYBR gold (nonspecific) stain is on the right. The top bands are pre-tRNAs; the lower bands are 
tricRNAs. (A) The addition of external promoters greatly increases tricRNA expression. (B) In 
addition to fly tRNA constructs expressed under the control of human external promoters, we 
have also created an all-human construct with a human tRNA under the control of human U6*. (C) 
We have also created an all-fly construct with a fly tRNA under the control of a fly external pol III 
promoter. This construct and its variants were transfectecd into S2 cells. 
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Cellular imaging of tricRNAs 
One of the advantages of the Broccoli system is that the fluorophore DFHBI-1T is 
not cytotoxic. Thus, it can be used for live-imaging experiments. Using this system, we 
wanted to determine the localization of our reporter in HEK293T cells.  
Materials and equipment: 
• Micropipette and tips 
• PBS 
• Trypsin 
• CO2 incubator 
• Clear cell culture media (DMEM without phenol red) 
• Laminin-coated glass bottom dishes 
• Hoechst 
• DFHBI-1T 
• Microscope with appropriate filters to detect both Broccoli and positive 
control (if used) 
• Image processing software 
Workflow:  
1. Transfect cells as described above for the desired amount of time.  
A positive control plasmid can be co-transfected, such as one that 
expresses mCherry.  
2. When ready to begin, wash the cells with PBS. 
3. Trypsinize the cells and resuspend in clear cell culture media (containing no 
phenol red) until no clumps are visible. 
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4. Plate the transfected cells at a 1:3 dilution in clear cell culture media onto 
laminin-coated glass-bottomed dishes and allow to incubate an additional day 
at 37°. 
The remaining cells can be used for RNA isolation, if desired. 
5. For live imaging, ensure that the environmental chamber on the microscope is 
at 37° and 5% CO2.  
6. Add DFHBI-1T and Hoechst to final concentrations of 40µM and 5µg/mL, 
respectively, to the glass-bottomed dishes with transfected cells. Incubate for 
30 minutes in a 37° cell culture incubator. 
7. Collect images on the microscope and process in an imaging software such 
as ImageJ.  
Use a FITC filter to detect Broccoli, a DAPI filter to detect Hoechst, and an 
appropriate filter to detect a positive control, if used.  
Figure 2.7 shows the data collected from an imaging experiment. We transfected 
pTRIC-Y:Broccoli_U6* into HEK293T cells to observe localization of our reporter. 
Circular Broccoli localizes primarily to the cytoplasm, while the positive control mCherry 
appears to be pan-cellular. Halting transcription with actinomycin D does not result in a 
noticeable drop in fluorescence intensity, indicating the incredible stability of tricRNAs. 
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Figure 2.7 HEK293T cells expressing Broccoli-containing tricRNAs can be imaged, with mCherry 
as a positive control for transfection. Scale bar is 20 µm. 
Concluding remarks 
This manuscript delineates the process of generating a circular RNA-expressing 
vector for use in visualizing RNA. Our method utilizes a conserved aspect of tRNA 
processing along with cutting-edge RNA imaging technology. While we have not 
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explicitly tested the size limits of tricRNAs, we have detected circles up to 250bp, which 
is well within the processivity of pol III (for comparison, Drosophila 7SK snRNA is over 
400nt). Future experiments will determine the upper limit of tricRNA size. We hope that 
our work will be helpful to the ever-growing fields of circular RNAs and RNA imaging. 
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CHAPTER 3: MOLECULAR DETERMINANTS OF METAZOAN TRICRNA 
BIOGENESIS2 
Authors: Casey A. Schmidt, Joseph D. Giusto, Alicia Bao, Anita K. Hopper, and A. 
Gregory Matera 
INTRODUCTION 
Accurate processing of RNAs is crucial for their proper function in vivo; most 
primary transcripts can be considered as precursor molecules containing sequences that 
must be removed. One example of this phenomenon is in the transcription and 
processing of tRNA genes. As the translators between the languages of nucleic acids 
and polypeptides, tRNAs are essential for protein expression. Thus, it is important that 
they are processed correctly. In eukaryotes, transcription of pre-tRNAs is carried out by 
RNA polymerase III (Phizicky and Hopper 2010). Following transcription, a pre-tRNA 
molecule contains 5' leader and 3' trailer sequences, which are removed by RNase P 
and RNase Z, respectively (Vogel et al. 2005; Walker and Engelke 2006). In some 
instances, the pre-tRNA transcript also contains an intron. Unlike messenger RNA 
splicing, which occurs by a large ribonucleoprotein complex called the spliceosome, 
tRNA splicing is carried out by a relatively small protein-only complex called TSEN. The 
pre-tRNA is first recognized by the TSEN (tRNA splicing endonuclease) complex, a 
heterotetramer consisting of two structural members, TSEN15 and TSEN54, and two 
catalytic members, TSEN2 and TSEN34 (Trotta et al. 1997; Paushkin et al. 2004). TSEN 
cleaves an intron-containing precursor into three segments: the 5' exon, an intron, and 
                                                
2 This chapter is adapted from previously published work in Nucleic Acids Research. The original 
citation is as follows: Casey A Schmidt, Joseph D Giusto, Alicia Bao, Anita K Hopper, A Gregory 
Matera. 2019. Molecular determinants of metazoan tricRNA biogenesis. Nucleic Acids Research 
47: 6452-6465.  
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the 3' exon. Notably, this complex produces a 5'-OH and a 2',3'-cyclic phosphate at each 
site of cleavage.  
 
Figure 3.1 tRNA splicing pathway. Pre-tRNAs are transcribed by RNA polymerase III and contain 
a 5' leader and 3' trailer sequence. A structural motif resembling the archaeal bulge-helix-bulge 
(BHB) is present in the pre-tRNA. The leader and trailer are removed by RNase P and RNase Z, 
respectively. Cleavage of the pre-tRNA yields two exon halves and an intron, each bearing 5'-OH 
and 2',3'-cyclic phosphate at the cut sites. In plants and fungi, a multifunctional enzyme 
phosphorylates the 5' end of both the 3' exon and intron, opens the cyclic phosphodiesterase, and 
ligates the exon halves to make a mature tRNA. A separate 2'-phosphotransferase removes the 
extra phosphate (“healing and sealing”). The intron is degraded by an exonuclease. In archaea 
and animals, a single enzyme joins both the exon halves and the intron ends to yield a mature 
tRNA and a circular RNA (“direct ligation”).  
Ligation of the exon halves is handled differently in different organisms (Figure 
3.1). Plants and fungi utilize the “healing and sealing” pathway, wherein a multifunctional 
enzyme called Rlg1/Trl1 performs three distinct activities: a cyclic phosphodiesterase to 
open the 2',3'-cyclic phosphate into a 3'-OH and 2'-phosphate; a kinase to phosphorylate 
the 5'-OH of the intron and 3' exon; and a ligase to join the exon halves together. A 
separate 2'-phosphotransferase enzyme called Tpt1 removes the remaining 2'-
phosphate at the junction of the newly formed tRNA. The intron, now phosphorylated on 
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its 5' end, is degraded by a 5' to 3' exonuclease, creating a supply of nucleotides (Wu 
and Hopper 2014).  
In contrast, archaea and animals are thought to use the “direct ligation” pathway, 
wherein a ligase enzyme directly joins the exon halves together using the cyclic 
phosphate as the junction phosphate (Figure 3.1). That is, there is no addition of an 
external phosphate onto the tRNA molecule. In archaea, the tRNA ligase is able to act 
on the intron ends to generate a circular RNA (Salgia et al. 2003). Similarly, we have 
shown that RtcB, which ligates tRNA exon halves in Drosophila, also joins the intron 
ends together to make a circular RNA, which we term tRNA intronic circular (tric)RNA 
(Lu et al. 2015).  
Although there have been many studies on the mechanism of pre-tRNA splicing 
in various organisms, much of this work comes from in vitro experiments, using purified 
proteins or cell extracts combined with an in vitro transcribed substrate. Thus, there is a 
need for an in vivo tRNA splicing model, where this processing pathway is placed in a 
cellular context. In this manuscript we present a unique system that allows us to detect 
both newly synthesized tRNAs and tricRNAs in Drosophila and human cultured cells. We 
take advantage of fluorogenic RNA aptamer technology and Northern blotting to 
elucidate the cis-acting elements and trans-acting factors necessary for proper tRNA and 
tricRNA biogenesis.  
MATERIALS AND METHODS 
Generation of reporter and mutant constructs 
The human, heterologous, and tricRNA reporters used in this study were 
described previously (Schmidt et al. 2016). To generate the dual reporter, four point 
mutations were introduced in the 3' exon of the tricRNA reporter (see Figure 3.2) using 
Q5 Site-Directed Mutagenesis (NEB). For primer sequences, see Table 3.1. Additional 
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mutations within the heterologous, tricRNA, and dual reporters were also generated 
using Q5 Site-Directed Mutagenesis (NEB). See Table 3.1 for primer sequences. 
 
Figure 3.2 Detailed description of reporters used in this study. (A) Table of the specific sequences 
used in each reporter. Restriction enzyme sites are in red. For the dual reporter, the entire 3' exon 
sequence is shown. The four mutations are shown in blue. The orange line shows where the 





(continued on next page) 
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Table 3.1 Oligonucleotides used in this study 
Generation of in vitro transcribed RNAs 
In vitro-transcribed RNAs were used for both S2 cell RNAi and analysis of pre-
tRNA fluorescence. Templates were generated by PCR (see Table 3.1 for primer 
sequences) and in vitro transcription was carried out using the MEGAscript T7 
transcription kit (Invitrogen). RNA was isolated by phenol/chloroform extraction and 
ethanol precipitation.  
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Cell culture and transfections 
For human cell culture, HEK293T cells were maintained in DMEM (Gibco) 
supplemented with 10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin 
(Gibco) at 37° and 5% CO2. Cells (2 x 106) were plated in T25 flasks and transiently 
transfected with 2.5 µg plasmid DNA per flask using FuGENE HD transfection reagent 
(Promega) according to the manufacturer’s protocol. Cells were harvested 72 hours 
post-transfection. RNA was isolated using TRIzol Reagent (Invitrogen), with a second 
chloroform extraction and ethanol rather than isopropanol precipitation (Schmidt et al. 
2016). 
For Drosophila cell culture, S2 cells were maintained in SF-900 serum-free 
medium (Gibco) supplemented with 1% penicillin-streptomycin and filter sterilized. Cells 
(5 x 106) were plated in T25 flasks and transiently transfected with 2.5 µg plasmid DNA 
per flask using Cellfectin II transfection reagent (Invitrogen) according to the 
manufacturer’s protocol. Cells were harvested 72 hours post-transfection. RNA was 
isolated using TRIzol Reagent (Invitrogen), with a second chloroform extraction and 
ethanol rather than isopropanol precipitation (Schmidt et al. 2016). S2 RNAi was 
performed as described in (Rogers and Rogers 2008) for 10 days, with dsRNA targeting 
Gaussia luciferase used as a negative control. In experiments with both RNAi and 
reporter expression, the reporter was transfected on day 7, and cells were harvested on 
day 10. Primers used to make PCR products for in vitro transcription can be found in 
Table 3.1. 
In-gel staining assay 
RNA samples (5 µg) were electrophoresed through 10% TBE-urea gels 
(Invitrogen). Gels were washed 3X in dH2O to remove urea and then incubated in 
DFHBI-1T staining solution (40 mM HEPES pH 7.4, 100 mM KCl, 1 mM MgCl2, 10 µM 
DFHBI-1T (Lucerna)). Following staining, gels were imaged on an Amersham Typhoon 5. 
To visualize total RNA, gels were washed 3X in dH2O, stained with ethidium bromide, 
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and imaged on an Amersham Imager 600. Gels were quantified using ImageQuant TL 
software (GE Healthcare). For analysis of the in vitro transcribed RNAs, the DFHBI-
stained gel was subsequently stained in SYBR Gold (Invitrogen) to detect total RNA and 
imaged on an Amersham Imager 600. 
Northern blotting of Drosophila samples 
RNA samples (5 µg) were separated by electrophoresis through 10% (for 
nuclease knockdown and overexpression experiments) or 15% (for dual reporter 
experiments) TBE-urea gels (Invitrogen). Following electrophoresis, the RNA was 
transferred to a nylon membrane (PerkinElmer). The membrane was dried overnight and 
UV-crosslinked. Pre-hybridization was carried out in Rapid-hyb Buffer (GE Healthcare) at 
42°. Probes were generated by end-labeling oligonucleotides (IDT) with γ-32P ATP 
(PerkinElmer) using T4 PNK (NEB), and then probes were purified using Illustra 
Microspin G-50 columns (GE Healthcare) to remove unincorporated nucleotides. Upon 
purification, probes were boiled, cooled on ice, and then added to the rapid-hyb buffer for 
hybridization. After hybridization, the membrane was washed in SSC buffer. For probe 
sequences, see Table 3.1. Washing conditions are as follows. U1 and U6: hybridization 
at 65°, washes (twice in 2X SSC, twice in 0.33X SSC) at 60°. 7SK and dual reporter 
probe: hybridization at 42°, two washes in 5X SSC at 25°, and two washes in 1X SSC at 
42°. For the dual reporter probe, two additional washes in 0.1X SSC at 45° were 
performed. The membrane was then exposed to a storage phosphor screen (GE 
Healthcare) and imaged on an Amersham Typhoon 5.  
RT-PCR of Drosophila samples 
To test knockdown efficiency, total RNA was treated with TURBO DNase 
(Invitrogen) and then converted to cDNA using the SuperScript III kit (Invitrogen) with 
random hexamer priming. Primers for each candidate processing factor can be found in 
Table 3.1.  
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Endonuclease overexpression cloning 
To generate overexpression vectors, the Gateway system (Invitrogen) was used 
to clone ORFs of Dis3 and Clipper from S2 cell cDNA into either pAFW (Drosophila 
Genomics Resource Center, Barcode #1111) or pAWF (Drosophila Genomics Resource 
Center, Barcode #1112). Primers used to isolate Dis3 and Clipper can be found in Table 
3.1. 
Western blotting 
To test overexpression of candidate endonucleases, cells were washed in ice-
cold 1X PBS and collected in ice-cold 1X PBS by scraping. The harvested cells were 
split into two portions: one for RNA isolation (see above) and one for protein isolation. 
Cells were pelleted by spinning at 2000 RPM for 5 minutes. The supernatant was 
removed and cells were lysed in ice-cold lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM 
NaCl, 1 mM EDTA, 1% NP-40, 2X protease inhibitor cocktail (Invitrogen)) for 30 minutes 
on ice. The lysate was cleared by centrifugation at 13,000 RPM for 10 minutes at 4°. 
Protein lysate samples were electrophoresed through 4-12% Bis-Tris gels (Invitrogen). 
Following electrophoresis, protein lysate samples were transferred to a nitrocellulose 
membrane (GE Healthcare). The membrane was blocked in 5% milk in TBST. Washes 
and antibody dilutions were performed in TBST. The following antibodies and dilutions 
were used in this study: anti-FLAG M2 at 1:10,000 (Sigma) and anti-β-tubulin at 1:20,000 
(Sigma). Membranes were imaged on an Amersham Imager 600.  
Yeast strains 
Wild type and xrn1Δ S. cerevisiae strains in the MATa/BY4741 background 
(MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) were purchased from Open Biosystems, then 
transformed with a multi-copy episomal plasmid with a His cassette as the selection 
marker. The rlg1Δ+RtcB strain was gifted by Dr. Stewart Shuman and used as described 
(Tanaka et al. 2011). Yeast strains were grown in synthetic define media (SC) lacking 
histidine.  
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Northern blotting of yeast samples 
Yeast mutant strains were grown in the 15 mL culture tubes to early log phase 
(0.4 OD600), and small RNAs were isolated using phenol extraction. Five micrograms of 
small RNAs were separated through electrophoresis on a 10% polyacrylamide gel. RNAs 
were transferred onto a Hybond N+ membrane. tRNA introns were detected using non-
radioactive digoxygenin-labeled probes complementary to the full intron and half of the 5' 
exon, using the method described in (Wu et al. 2013).  
Terminator Exonuclease (TEX) treatment 
Five micrograms of small RNAs was dissolved in nuclease-free water and 
incubated with TEX (Lucigen) for 1 h at 30°C according to the manufacturer’s protocol. 
The reaction was terminated by adding 1 µL of 100 mM EDTA (pH 8.0) 
RT-PCR of yeast samples 
Small RNAs were extracted from yeast cultures grown at 23 °C to an OD600 of 
0.2-0.6. First-strand cDNA synthesis was carried out using 1 µg of RNA and RevertAid 
reverse transcriptase (Thermofisher), according to the manufacturer’s protocol. PCR was 
carried out using Taq DNA polymerase. 10 µM of the forward and reverse primer were 
added to 1 µL of cDNA sample. PCR conditions were as follows: 2 min at 95°C; 40 
cycles of 30 sec at 95°C for denaturing, 30 sec at 55°C for annealing, and 30 s at 72°C 
for extension. Rolling circle concatemers were formed as a result of reverse 
transcriptase reading around the RNA multiple iterations during cDNA synthesis.  
Visualization of Drosophila BHB-like motifs 
Sequences for all intron-containing pre-tRNAs were obtained from the genomic 
tRNA database (Chan and Lowe 2009, 2016) and FlyBase (flybase.org). The structure of 
the sequence containing the anticodon loop and intron was predicted using Mfold (Zuker 
2003) and then drawn using VARNA (Darty et al. 2009).  
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RESULTS 
Generation and characterization of in vivo splicing reporters 
To characterize the cis-acting elements and trans-acting factors necessary for 
proper tricRNA splicing, we first sought to develop a reporter system that would allow us 
to detect newly synthesized tRNAs and tricRNAs. Previously, we showed that human 
cells transfected with native fruit fly intronic tRNA genes readily express Drosophila 
tricRNAs (Lu et al. 2015). Moreover, when provided with either a human or fruit fly tRNA 
construct that contains a synthetic intron, human cells can also produce “designer” 
tricRNAs. For example, we inserted the 49 nt Broccoli fluorogenic RNA aptamer (Filonov 
et al. 2014) into the introns of the human (TRYGTA3-1) and the Drosophila (CR31905) 
tRNA:TyrGUA genes (Schmidt et al. 2016). We term the resultant circular RNA 
“tricBroccoli,” or tricBroc for short (Noto et al. 2017). This system is enhanced by use of 
external pol III promoters to increase overall expression levels (Lu et al. 2015; Schmidt et 
al. 2016). Specifically, we used the human and Drosophila U6+27 promoters, which take 
advantage of a sequence element within the U6 snRNA that promotes 5'-
methylphosphate capping of the transcript (Good et al. 1997), enhancing the stability of 
the linear precursor to facilitate downstream processing events (Schmidt et al. 2016). A 
schematic of the reporters can be seen in Figure 3.3A. For more detailed sequence 
information, see Figure 3.2.  
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Figure 3.3 Developing a series of reporters. (A) Schematic of reporter constructs used in this 
study. Each contains either the human (lighter blue) or Drosophila (darker blue) external U6 
snRNA promoter as well as the first 27 nucleotides of U6 snRNA (denoted as U6+27). The 
reporters also contain either a human (dark gray) or Drosophila (black) tyrosine tRNA. Additionally, 
each reporter contains the Broccoli fluorogenic aptamer (green) as part of a synthetic intron. For 
details on the sequence and placement of the synthetic intron, see Figure 3.2. The “dual reporter” 
contains four point mutations in the 3' exon that allow specific detection by a Northern blot probe. 
(B) Reporter expression can be monitored by DFHBI stain. Left: DFHBI-stained gel showing 
expression of the heterologous, human, and tricRNA reporters. The top bands are pre-tRNA 
species, while the bottom bands are the tricRNA. Right: The gel was next stained with EtBr to 
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detect total RNA. The 5S rRNA band is highlighted. (C) DFHBI-stained gel of the dual and 
tricRNA reporters. The 5S band from the EtBr-stained gel is shown as a loading control. (D) 
Northern blot of the dual and tricRNA reporters. 7SK is shown as a loading control. (E) Table 
showing the cell species used for each reporter, as well as the sizes of transcripts and tricRNAs. 
To test expression of the reporters, we transfected the constructs into the 
appropriate cell line (Figure 3.3E) and harvested RNA for analysis. We visualized 
tricBroc using an in-gel fluorescence assay, described above and in (Filonov et al. 2015; 
Lu et al. 2015). Expression of tricBroc from the human reporter construct was relatively 
low, but the heterologous and tricRNA reporters express tricBroc at similar levels (Figure 
3.3B, left). We also observed that the pre-tRNA bands are more prominent with the 
heterologous reporter (Figure 3.3B, left). This result could be due to higher transfection 
efficiency in human cells, more efficient processing of the construct in fly cells, better 
folding of the heterologous reporter pre-tRNA, or some combination of the three. To 
demonstrate that the pre-tRNA bands are, in fact, detectable following tricRNA reporter 
expression in fly cells, we also loaded twice the amount of total RNA in the adjacent lane. 
The pre-tRNA bands were only visible from the tricRNA reporter upon increasing the 
contrast of the image (Figure 3.3B, “High contrast”). Following Broccoli imaging, we re-
stained the gel with EtBr to detect total RNA (Figure 3.3B, right). In all subsequent 
experiments, we cropped the EtBr-stained gel to show the 5S rRNA band as a loading 
control.  
In order to detect both newly synthesized tricRNAs and tRNAs, we introduced 
four point mutations within the 3' exon of the tRNA that allow specific detection of mature 
reporter tRNAs by Northern blotting (Figure 3.3A, “dual reporter”). To test expression of 
these constructs, we transfected the dual and the tricRNA reporters into S2 cells. We 
visualized tricRNA expression using the in-gel staining assay described above (Figure 
3.3C). To demonstrate that the dual reporter can be used to detect only the newly 
synthesized tRNAs, we performed Northern blotting with a radiolabeled oligoprobe 
specific for the dual reporter tRNA. See Figure 3.2 for details on the tRNA and the probe. 
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As shown in (Figure 3.3D), the probe uniquely binds to the dual reporter tRNAs, and 
does not cross-hybridize to the tricRNA reporter transcript or to the endogenous tRNAs. 
The reporter constructs described above each contain a stretch of 11 base pairs 
situated between the tRNA domain and the Broccoli domain (Figure 3.4A, left). To 
determine if there was a minimum length requirement for this fully-paired stem, we 
systematically deleted base pairs within the heterologous reporter, and transfected the 
resulting constructs into HEK293T cells. (Figure 3.4A, right). We found that reducing the 
stem below 7 bp in length inhibited tricRNA formation, whereas stems of 8 bp or greater 
yielded similar levels of tricBroc. Thus, we conclude that a stem of at least 8 bp is 
necessary for proper reporter function.  
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Figure 3.4 Characterization of reporters. (A) A stem of at least 8 base pairs is necessary for 
proper splicing of the heterologous tricRNA reporter. Left: Schematic of the reporter pre-tRNA, 
showing a variable stem length region. Right: In-gel fluorescence assay showing optimal stem 
length for the reporter. The 5S rRNA band from the total RNA gel was used as a loading control. 
(B) Mutations in the pre-tRNA can affect its folding. Top: DFHBI-stained gel of in vitro transcribed 
pre-tRNAs from various mutant constructs. Bottom: The gel was then stained in SYBR Gold to 
detect total RNA. (C) Quantification of technical duplicates from panel (B). Error bars denote 
standard error of the mean. **p<0.01, ***p<0.001, student’s t-test. (D) DFHBI-stained gel of the 
dual and tricRNA reporters, with and without an unpaired PBP (see Figure 3.5 for details). The 5S 
band from the EtBr-stained gel is shown as a loading control. (E) Northern blot of the dual and 
tricRNA reporters with and without an unpaired PBP. U1 snRNA is shown as a loading control. 
To determine if the relative lack of tricBroc signal from the 5 bp stem construct 
was due to impaired folding of its pre-tRNA (and thus less efficient splicing), we 
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generated in vitro transcripts from both the WT 5 bp and 11 bp ‘variable’ stem constructs 
and measured their fluorescence in replicate gels using the Broccoli staining assay 
(Figure 3.4B, compare lane 1 to lane 4). Note, an analysis of the three other in vitro 
transcripts in Figure 3.4B is described below as part of Figure 3.5. We also stained the 
gels with SYBR Gold to detect total RNA levels. Upon quantification, we found that 
compared to the 11 bp stem, the pre-tRNA from the 5 bp stem construct displayed 
significantly reduced fluorescence (Figure 3.4C), indicating that it may adopt folding 
conformations that can affect downstream processing. Therefore, all subsequent 
processing experiments utilized reporters with an 11 bp stem.  
The helix portion of the BHB-like motif is important for proper processing 
We next focused on the structural features of pre-tRNAs. In archaea, the pre-
tRNA contains a structural motif known as a bulge-helix-bulge (BHB), which consists of a 
4 bp duplex flanked on each 3' end by a single-stranded 3 nt bulge. This motif is both 
necessary and sufficient for splicing in archaea (Thompson and Daniels 1988, 1990). In 
contrast, eukaryotic splicing enzymes recognize the tRNA structure and although a motif 
resembling a BHB is often present, the structural requirements for splicing do not seem 
to be as rigid (Greer et al. 1987; Reyes and Abelson 1988). Therefore, we refer to this 
structure in our reporters as the “BHB-like motif” (Figure 3.5A). Due to its high degree of 
conservation among intron-containing tRNAs, we were interested in the first base pair of 
the anticodon-intron helix. Previous studies have referred to this feature as the A-I base 
pair (Baldi et al. 1992); to avoid confusing this abbreviation with the bases Adenosine 
and Inonsine, we will refer to it as the proximal base pair (PBP). In all 16 of the intronic 
tRNAs in Drosophila, this base pair is a C-G (Figure 3.14). To determine the importance 
of the PBP for proper pre-tRNA splicing and tricRNA formation, we generated a series of 
mutations in the tricRNA reporter and transfected the constructs into Drosophila S2 cells. 
To measure splicing efficiency, we performed an in-gel fluorescence assay on total RNA 
from the transfections (Figure 3.5B, left). We then expressed the intensities of the pre-
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tRNA and tricRNA bands as a fraction of the total (Figure 3.5B, right). Interestingly, we 
observed that switching the base pair to a G-C had little effect; however, weakening it to 
an A-U or U-A reduced tricRNA levels. Further weakening the helix to a G-U or U-G 
yielded almost no product, whereas unpairing it with a C-C mismatch resulted in 
complete inhibition of splicing. Notably, the in vitro fluorescence properties of the 
unpaired PBP (C-C) mutant pre-tRNA are equivalent to those of the WT (Figure 3.4B, 
compare lanes 1 and 2, quantification in Figure 3.4C); thus we conclude that folding of 




Figure 3.5 The helix portion of the BHB-like motif is important for proper tricRNA splicing. (A) Left: 
Schematic of the tricRNA reporter pre-tRNA, with emphasis of the BHB-like motif. Right: 
Nucleotide sequence of the BHB-like motif in the tricRNA reporter. The proximal base pair (PBP) 
is outlined in blue. The bases on the 3' side of the helix are numbered 1-4. The darker bases are 
part of the tRNA, and the lighter bases are part of the intron. (B) Alterations to the PBP disrupt 
tricRNA splicing. Left: In-gel fluorescence assay of mutations to the PBP. Each lane represents a 
different identity of the PBP. The 5S rRNA band from the EtBr-stained gel is shown as a loading 
control. Right: quantification of three biological replicates. The pre-tRNA and tricRNA bands were 
expressed as a fraction of the total. Error bars denote standard error of the mean. ***p<0.001, 
student’s t-test. (C) Pairing the helix reduces tricRNA formation. Left: In-gel fluorescence assay of 
constructs pairing the helix. Each lane represents base pairs being introduced at various positions 
in the helix (see number positioning in panel A). The 5S rRNA band from the EtBr-stained gel is 
shown as a loading control. Right: quantification of three biological replicates. Quantifications 
were carried out as above. Error bars denote standard error of the mean. *p<0.05, **p<0.01, 
***p<0.001, student’s t-test. (D) Unpairing the helix inhibits tricRNA production. Left: In-gel 
fluorescence assay of constructs unparing the helix. Each lane represents bases being paired or 
unpaired at various positions in the helix (see number positioning in panel A). The 5S rRNA band 
from the EtBr-stained gel is shown as a loading control. Right: quantification of three biological 
replicates. Quantifications were carried out as above. Error bars denote standard error of the 
mean. ***p<0.001, student’s t-test. 
To determine if mutations that disrupt production of the tricRNA also affect 
expression of the mature tRNA, we mutated the PBP in the dual reporter construct, 
allowing analysis of both newly synthesized tRNAs and tricRNAs. As expected, unpairing 
the PBP affected production of both the tRNA and the tricRNA (Figures 3.4D and 3.4E). 
On the basis of these results, we conclude that the strength, rather than the identity, of 
the PBP is important for efficient biogenesis of the reporter tRNA and tricRNA.  
The pre-tRNA encoded by the tRNA:Tyr reporter construct is predicted to contain 
several weak (or perhaps non Watson-Crick) base pairs within the anticodon-intron helix 
(Figure 3.5A, right). To determine if these weaker pairs are important, we first 
strengthened the helix by mutating the intronic bases (i.e. those on the 3' side of the 
stem). Introducing a single base pair at any position within this helix had little effect on 
splicing efficiency (Figure 3.5C, compare lane 1 to lanes 2-4). However, introducing two 
or three base pairs at a time reduced tricRNA production (lanes 5-7). Importantly, the in 
vitro transcribed pre-tRNA containing a fully-paired helix displayed comparable 
fluorescence levels to that of the wild-type (Figure 3.4B, compare lanes 1 and 3, 
quantified in Figure 3.4C). The 5' side of the helix is located in exon 1 of the tRNA and 
the 3' side is part of the tricRNA; these halves must come apart in order to carry out exon 
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ligation and intron circularization. Thus, we infer that if the helix is too tightly paired, 
splicing efficiency is reduced.  
Mutations that are predicted to disrupt pairing within the anticodon-intron helix 
also inhibited formation of tricRNAs. We found that the integrity of the PBP alone is not 
sufficient for proper splicing; unpairing all of the other bases in the helix reduced tricRNA 
formation (Figure 3.5D, compare lanes 1 and 5). One possible explanation for this result 
is that this particular mutant pre-tRNA exhibits significantly reduced fluorescence 
compared to the wild-type (Figure 3.4B, compare lanes 1 and 5, quantified in Figure 
3.4C), indicating that it might not fold properly and thus is inefficiently spliced. Similarly, 
fully unpairing the weak G•U pairs at positions 2 and 3 in the middle of the helix inhibited 
tricRNA production as well (lanes 3 and 4). However, introducing a single base pair 
adjacent to the proximal one in an otherwise unpaired helix partially rescued splicing 
(Figure 3.5D, lane 6). Interestingly, unpairing the distal base pair of the helix had no 
effect tricRNA splicing (Figure 3.5D, compare lanes 1 and 2). Because this helix base 
pair is furthest away from the proximal one, perhaps it may be less important for defining 
a specific structural motif. We conclude that a baseline level of helix pairing is required 
for optimal reporter tricRNA processing (see Discussion).  
To elucidate whether these cis-element splicing determinants are applicable to 
other intron-containing pre-tRNAs, we developed a second reporter derived from 
CR31143, a Drosophila intron-containing tRNA:LeuCAA gene (Figure 3.6). Similar to our 
previous work with the tyrosine tricRNA reporter (Schmidt et al. 2016), we were able to 
increase tricRNA expression by using the Drosophila U6+4 (dU6) and U6+27 (dU6+27) 
external RNA polymerase III promoters (Figure 3.6B). Although the BHB-like motif of the 
leucine reporter is distinct from that of the tyrosine reporter (Figure 3.6A), we observed 
the same trends. Unpairing the PBP inhibited tricRNA production, and extending the 
helix by introducing two additional A-U base pairs reduced tricRNA splicing (Figure 3.6C). 
Interestingly, we noticed that tricBroc RNA from the leucine reporter runs as a doublet 
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rather than as a single band (Figures 3.6B, 3.6C). We also found that extending the helix 
reproducibly affected migration of the doublet (Figure 3.6C). To determine if the 
mutations affected splice site choice, we generated cDNA from these experiments and 
sequenced the tricRNA junctions (for details on this method, see ref. (Schmidt et al. 
2016). We were surprised to find that tricRNAs from both wild-type and mutant leucine 
reporters each contained the same splice junction sequences, despite the fact that they 
resolve as doublets and that the mutant RNAs migrate more slowly (Figure 3.6D). This 
result suggests that the doublets are structural isomers, or perhaps contain differentially 
modified bases.  
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Figure 3.6 Similar trends observed using a different tricRNA reporter. (A) Nucleotide sequence of 
the BHB-like motif in the pTRIC-L tricRNA reporter (see Figure 3.14 for endogenous BHB-like 
motif of CR31143). The PBP is boxed in blue. Mutated residues are numbered 1 and 2. The 
darker shaded bases are part of the tRNA, and the lighter shaded bases are part of the intron. (B) 
In-gel fluorescence assay of RNA from S2 cells transfected with the pTRIC-L:Broc reporter to test 
expression of the U6 and U6+27 external RNA polymerase III promoters. The pre-tRNA and 
tricRNA bands are identified. The 5S rRNA band from the EtBr-stained gel is shown as a loading 
control. (C) In-gel fluorescence assay of RNA from S2 cells transfected with the wild-type and 
mutant reporters. The pre-tRNA and tricRNA bands are identified. The 5S rRNA band from the 
EtBr-stained gel is shown as a loading control. (D) Sequence traces of tricRNA junctions from the 
experiment in (C). The mutations introduced by site-directed mutagenesis (1-U and 1-U;2-U) can 
be seen in the traces. 
We were also curious to determine whether the cis-acting elements we identified 
in flies were also important for tricRNA production in human cells. Accordingly, we 
generated a series of mutations in the heterologous reporter (Figure 3.3A) and 
expressed these constructs in HEK293T cells. We found similar trends in human cells 
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(Figure 3.7) as we did in Drosophila (Figure 3.5). Unpairing the PBP (C-C) in the 
heterologous reporter inhibited tricRNA production and resulted in a buildup of pre-tRNA 
precursors. Furthermore, introducing additional base pairs within the helix was inversely 
proportional to reporter tricRNA formation (Figure 3.7). Taken together, these data reveal 
that similar rules govern tricRNA biogenesis in both vertebrates and invertebrates. 
 
Figure 3.7 Mutations in the heterologous tricRNA reporter have similar effects on tricRNA splicing. 
Left: In-gel fluorescence assay of RNA from HEK293T cells transfected with the heterologous 
reporter to test expression of various mutant constructs. The pre-tRNA and tricRNA bands are 
identified. The 5S rRNA band from the EtBr-stained gel is shown as a loading control. Right: 
Nucleotide sequence of the BHB-like motif in the heterologous reporter. The PBP is outlined in 
blue. The other base pairs of the helix are numbered 1-4. The darker bases are part of the tRNA, 
and the lighter bases are part of the intron. 
Pre-tRNA cleavage in Drosophila is carried out by orthologs of the TSEN complex 
After characterizing cis elements important for proper tricRNA splicing, we next 
sought to identify tricRNA processing factors. We searched for Drosophila homologs of 
known human tRNA processing factors and found candidates for many of these genes 
(Figures 3.8A, 3.9A). To analyze these factors, we developed an RNA interference 
(RNAi) assay in S2 cells. Candidate processing factors were depleted using dsRNA for 
seven days, at which point we transfected the dual reporter into these cells. We 
continued applying dsRNA daily to continue the knockdown, and cells were harvested 
three days post transfection for RNA analysis.  
We first investigated potential members of the tRNA splicing endonuclease 
complex (Figure 3.8A), which cleaves pre-tRNAs in both fungi (where it is called SEN) 
and humans (called TSEN) (Yoshihisa 2014). Depletion of any member of this complex 
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(Figure 3.8D) results in a dramatic reduction in both reporter tRNA and tricRNA formation 
(Figures 3.8B and 3.8C). Concordantly, knockdown of these proteins also results in 
accumulation of the pre-tRNA, visible as the top band in the Broccoli stained gel (Figure 
3.8B). The pre-tRNA band can also be detected by Northern blotting, as the probe binds 
to a region in the 3'-exon (Figure 3.8C). The tricRNA and tRNA results are quantified in 
Figures 3.8E and 3.8F, respectively. From these data, we conclude that these genes 
indeed perform the functions of the TSEN complex in Drosophila. 
 
Figure 3.8 Knocking down any member of the TSEN complex inhibits reporter tricRNA and tRNA 
production. (A) Table of human tRNA processing factors and Drosophila sequence homologs. (B) 
In-gel fluorescence assay of RNA from S2 cells depleted of TSEN complex members. The pre-
tRNA and tricRNA bands are identified. The 5S rRNA band from the EtBr-stained gel is shown as 
a loading control. (C) Northern blot of RNA from S2 cells depleted of TSEN complex members 
using a probe specific to the dual reporter. The pre-tRNA and tRNA bands are identified. U1 
snRNA is used as a loading control. (D) RT-PCR for TSEN complex members to test knockdown 
efficiency in S2 cells. RT-PCR for 5S rRNA was used as a control. (E) Quantification of three 
biological replicates of (B). Error bars denote standard error of the mean. ***p<0.001, **p<0.01, 
student’s t-test. (F) Quantification of three biological replicates of (C). Error bars denote standard 
error of the mean. **p<0.01, *p<0.05, student’s t-test. 
Drosophila tRNA intron circularization proceeds through the direct ligation pathway 
In archaea and eukarya, cleavage of an intron-containing pre-tRNA yields non-
canonical RNA ends: a 5'-OH and a 2',3'-cyclic phosphate. Although plants and fungi use 
a roundabout “healing and sealing” approach, archaeal and animal cells are thought to 
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utilize the direct ligation pathway, wherein there is no need for addition of an external 
phosphate (Popow et al. 2012). Previously, we showed that knockdown of CG9987 (now 
called RtcB) in Drosophila larvae and pupae resulted in a significant decrease in 
tric31905 levels, along with a decrease in the corresponding tRNA:Tyr (Lu et al. 2015). 
However, this approach could not distinguish between newly-transcribed and pre-
existing RNAs, and therefore likely underestimated the effects of RtcB depletion. 
Accordingly, we used the S2 cell RNAi system to assess levels of newly synthesized 
tRNAs and tricRNAs during RtcB knockdown. We also analyzed cells depleted of the 
other members of the human tRNA ligase complex, Archease and Ddx1 (Figures 3.9A 
and 3.9D). Depletion of RtcB caused a significant decrease in the levels of both the 
mature reporter tRNA as well as its corresponding tricRNA (Figures 3.9B and 3.9C; 
quantified in Figures 3.9E and 3.9F). Similarly, depletion of Archease and Ddx1 also 
resulted in reduction of both reporter RNAs. Importantly, depletion of the tRNA ligase 
complex did not cause accumulation of the pre-tRNA, reaffirming previous findings that 
cleavage and ligation are separable processes (Peebles et al. 1979; Popow et al. 2011). 
We conclude that RtcB is the Drosophila tRNA and tricRNA ligase, and that its activity is 
regulated in vivo by Archease and Ddx1. 
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Figure 3.9 Knocking down RtcB ligase or its associated factors Archease and Ddx1 inhibits 
reporter tricRNA and tRNA production. (A) Table of human tRNA processing factors and 
Drosophila sequence homologs. (B) In-gel fluorescence assay of RNA from S2 cells depleted of 
RtcB, Archease, or Ddx1. The pre-tRNA and tricRNA bands are identified. The 5S rRNA band 
from the EtBr-stained gel is shown as a loading control. (C) Northern blot of RNA from S2 cells 
depleted of RtcB, Archease, or Ddx1 using a probe specific to the dual reporter. The pre-tRNA 
and tRNA bands are identified. U1 snRNA is used as a loading control. (D) RT-PCR for RtcB 
complex members to test knockdown efficiency in S2 cells. RT-PCR for 5S rRNA was used as a 
control. (E) Quantification of three biological replicates of (B). Error bars denote standard error of 
the mean. *p<0.05, student’s t-test. (F) Quantification of three biological replicates of (C). Error 
bars denote standard error of the mean. *p<0.05, student’s t-test. 
A Drosophila ortholog of TRPT1 does not participate in tricRNA biogenesis 
While searching for tRNA processing factors, we found that the human genome 
contains a homolog of yeast Tpt1, the phosphotransferase that participates in the healing 
and sealing pathway (See discussion for more details). To determine if the Drosophila 
ortholog, CG33057 (Figure 3.10A), participates in tricRNA biogenesis, we used the S2 
cell RNAi assay described above. Depletion of CG33057 (Figure 3.10D) resulted in no 
measurable difference in tricRNA levels (Figure 3.10B, quantified in Figure 3.10C), 
indicating that this protein is unlikely to play a role in Drosophila tRNA intron 
circularization.   
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Figure 3.10 CG33057 does not participate in reporter tricRNA splicing. (A) Drosophila CG33057 is 
a sequence homolog of human TRPT1. (B) In-gel fluorescence assay of RNA from S2 cells 
depleted of CG33057. The pre-tRNA and tricRNA bands are identified. The 5S rRNA band from 
the EtBr-stained gel is shown as a loading control. (C) Quantification of two biological replicates of 
(B). Error bars denote standard error of the mean. The p-value was calculated using student’s t-
test. (D) RT-PCR for CG33057 to test knockdown efficiency in S2 cells. RT-PCR for 5S rRNA was 
used as a control. 
tricRNA turnover is initiated by an endoribonuclease 
Due to their lack of free 5' and 3' ends, circular RNAs exhibit a stability not 
afforded to their linear counterparts (Lu et al. 2015; Wilusz 2017; Holdt et al. 2018). 
Passive degradation of broken circles likely occurs via exonucleolytic decay, however 
active degradation of tricRNAs must be initiated by some type of endonuclease. To 
determine which enzymes are responsible for tricRNA turnover, we depleted S2 cells of 
candidate endoribonucleases, excluding those known to be directly involved in the RNAi 
pathway. We chose Zucchini, which is involved in piRNA biogenesis (Nishimasu et al. 
2012); Smg6, which is part of the nonsense-mediated mRNA decay pathway (Gatfield et 
al. 2003; Glavan et al. 2006); Dis3, a dual endo/exonuclease component of the nuclear 
exosome (Cairrão et al. 2005; Mamolen and Andrulis 2009); and Clipper, which has 
been shown to cleave RNA hairpins and is a homolog of mammalian CPSF 30K subunit 
(Bai and Tolias 1996, 1998). Following knockdown (Figure 3.11C) and subsequent RNA 
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isolation, we assessed endogenous tricRNA abundance by Northern blotting for 
tric31905. As shown in Figure 3.11A and quantified in Figure 3.11B, depletion of 
Zucchini, Smg6, or Dis3 had little to no effect on tric31905 levels, whereas depletion of 
Clipper resulted in a modest increase in tric31905. We also performed a double 
knockdown of Dis3 and Clipper and observed a similar increase in tric31905 levels 
(Figures 3.11A and 3.11B). In contrast, overexpression of FLAG-tagged Dis3 or Clipper 
did not reduce levels of tric31905 (Figure 3.11D). Taken together, our data suggest that 
turnover of tric31905 is in part initiated by Clipper activity. 
 
Figure 3.11 Clipper endonuclease is required for tricRNA turnover. (A) Northern blot of RNA from 
endonuclease-depleted S2 cells. U1 and U6 snRNA are shown as loading controls. (B) 
Quantification of three biological replicates. The tric31905 bands were normalized to U6 snRNA 
bands and average values were plotted. Error bars denote standard error of the mean. The p-
value was calculated using student’s t-test. (C) RT-PCR for candidate endonucleases to test 
knockdown efficiency in S2 cells. RT-PCR for 5S rRNA was used as a control. (D) Western blot 
showing overexpression of candidate endonucleases. S2 cells were transfected with FLAG-
tagged endonuclease constructs. Cells from each condition were split in half for both RNA and 
protein isolation. The top two panels are a Northern blot of RNA from the experiment, and the 
bottom two panels are a Western blot of protein lysate from the experiment. For the Northern, U6 
snRNA is used as a loading control; for the Western, tubulin is used as a loading control. 
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RtcB replacement yeast generate tricRNAs 
A unique aspect of eukaryotic pre-tRNA processing is the differential fate of the 
intron in various organisms. The genomes of plants and fungi do not contain RtcB 
homologs and their tRNA introns are typically linear (Knapp et al. 1979; Wu and Hopper 
2014). In contrast, archaeal and metazoan genomes contain RtcB and they express 
tricRNAs (Salgia et al. 2003; Lu et al. 2015). Interestingly, bacterial RtcB can 
complement deletion of yeast Rlg1/Trl1, which is an essential gene (Tanaka et al. 2011). 
To determine if “RtcB replacement yeast” can make tricRNAs, we isolated total RNA 
from a variety of control and mutant yeast strains and performed RT-PCR to analyze 
expression of an intronic tRNA:IleUAU gene. Following ‘rolling circle’ reverse transcription, 
moderately sized circular RNA templates like tricRNAs are known to produce linear 
cDNAs that contain many tandem copies of the sequence (Figure 3.12A). This 
concatamer has multiple binding sites for primers, thus producing a ladder of PCR 
products with predictable sizes (Schmidt et al. 2016). Linear RNA templates do not 
produce such ladders. As shown, RT-PCR products from yeast expressing RtcB display 
a ladder of bands with the predicted periodicity (Figure 3.12B, lanes 2, 4 and 5). Thus, 
RtcB is active even in the presence of Rlg1/Trl1 (Figure 3.12B, lane 2). Moreover, linear 
tRNA introns can serve as substrates for RtcB and this activity appears to be sufficient 
for tricRNA formation in yeast. As a control, we examined RNA from yeast lacking Xrn1 
(Figure 3.12B, lanes 3 and 4), a 5' to 3' exonuclease that is known to degrade tRNA 
introns (Wu and Hopper 2014). In the xrn1∆ strain, linear tRNA introns accumulate (Wu 
and Hopper 2014) and can be detected by Northern analysis (Figure 3.13A).  
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Figure 3.12 RtcB replacement yeast generate tricRNAs. (A) Left: schematic of cDNA generated 
from a circular template. Right: schematic of possible RT-PCR products. Reverse transcription of 
circRNAs can generate tandem copies of the circular sequence, particularly if the circle is 
relatively small. The resultant cDNA contains many binding sites for PCR primers. (B) RT-PCR for 
a tRNA intron yields a ladder of products only in yeast strains that express RtcB. (C) Northern blot 
of RNA from yeast bearing various deletions and enzyme replacements using a probe against 
both the tRNA:IleUAU 5' exon and intron. 
 
Figure 3.13 Yeast expressing bacterial RtcB generate tricRNAs. (A) Northern blot of RNA from 
yeast bearing various deletions and enzyme replacements using a probe against tRNA:IleUAU 
intron. (B) Northern blot of RNA from yeast bearing various deletions and enzyme replacements 
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using probes for the 5’ exon and intron of the tRNA: IleUAU. Top: RNA samples were left 
untreated (-) or treated (+) with terminator exonuclease (TEX). Bottom: EtBr-stained gel showing 
5S and 5.8S as a control. Yeast lacking the healing and sealing enzyme Rlg1/Trl1 are inviable, 
but this defect can be complemented by RtcB (11). Notably, there is a clear buildup of circular 
tRNA introns in the “RtcB replacement” (rlg1∆+RtcB) strain, along with the linear form. TEX 
(terminator exonuclease) degrades the majority of linear, unstructured RNAs (e.g. 5.8S rRNA is a 
good substrate whereas 5S rRNA is refractive to cleavage, see bottom panel of S5B). TEX 
requires a 5' phosphate for its activity, and because Rlg1/ Trl1 also contains the kinase activity 
that normally phosphorylates the 5' end of the excised intron (6), the linear tRNA introns in the 
RtcB replacement yeast are not phosphorylated on their 5' ends and are thus poor substrates for 
TEX. 
To confirm these findings, we performed Northern blotting with probes targeting 
the intron and 5' exon of tRNA:IleUAU (Figure 3.12C). In all cells expressing RtcB, we 
observed an anomalously migrating intron fragment consistent with the presence of a 
circle (Figure 3.12C, Figure 3.13). Similar to the RT-PCR data above, this fragment is 
present in the RtcB replacement (rlg1Δ + RtcB) strain (Figure 3.12C) as well as in the 
absence of Xrn1 (Figure 3.13A). To further confirm the circular nature of this new intron-
specific fragment, we treated RNA from various yeast strains with terminator 
exonuclease (TEX) and performed a Northern blot using a probe against both the intron 
and 5' exon of tRNA:IleUAU. As shown in Figure 3.13B, the circular intron is resistant to 
TEX cleavage. From these experiments, we conclude that RtcB replacement yeast 
produce circular introns.  
DISCUSSION 
Removal of introns from pre-tRNAs is an essential step in tRNA maturation 
(Yoshihisa 2014). Once thought to be discarded as waste products, we now know that 
metazoan tRNA introns are ligated into circular RNAs in animals such as D. 
melanogaster and C. elegans. Here, we demonstrate that specific cis-element structures 
are necessary for production of both tRNAs and tricRNAs. Moreover, we show that 
tricRNAs are produced by the tRNA splicing machinery in Drosophila, and tricRNA 
degradation is initiated by endonuclease activity. Finally, we provide evidence that the 
direct ligation pathway is the primary generator of tricRNAs in Drosophila, and that RtcB 
is the factor that determines tRNA intron circularization in eukaryotes.  
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Structure and stability of pre-tRNAs 
In archaea, intron-containing pre-tRNAs and pre-rRNAs are known to contain a 
highly conserved BHB motif (Lykke-Andersen et al. 1997). For many years, this motif 
was thought to be strictly required for proper splicing, although more recent work 
indicates that certain pre-tRNAs contain more relaxed BHB structures (Marck and 
Grosjean 2003). We have found that Drosophila also display a wide variety of BHB-like 
motifs (Figure 3.14). Perhaps the eukaryotic pre-tRNA structure is more relaxed in order 
to facilitate TSEN substrate interaction. Despite this diversity, we invariably identified a 3 
bp bulge on the proximal side of the anticodon-intron helix (i.e. at the cut site between 
the intron and the 3' exon) (Figure 3.14). Similarly, there is a constant number of bases 
between the 5' base of the PBP and the last base of the 5' exon (6 nt, including the C in 
the PBP; see Figure 3.14). These regularities, combined with the lack of a strict BHB, 
suggest that Drosophila intron-containing pre-tRNAs are spliced in a manner akin to the 
‘molecular ruler’ mechanism outlined by others (Greer et al. 1987; Reyes and Abelson 
1988). Due to an overall dearth of high-resolution data in eukaryotes, we can only 
speculate with regard to the precise structure of the substrate-bound form of the 
metazoan TSEN complex.  
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Figure 3.14 Predicted secondary structures of BHB-like motifs for all Drosophila intron-containing 
pre-tRNAs. Sequences of Computed RNA (CR) genes were obtained from FlyBase 
(http://flybase.org) and the Genomic tRNA Database (http://gtrnadb.ucsc.edu/). CR31905 was 
discovered after publication of the database. Structures were predicted using Mfold 
(http://unafold.rna.albany.edu/?q=mfold/RNAFolding-Form), and structures were drawn using 
VARNA (http://varna.lri.fr/). 
Although we can draw broad conclusions from the various helix pairing and 
unpairing experiments, we cannot know for sure if these mutations cause alternative pre-
tRNA structures to form. Similarly, we do not know the extent to which these mutations 
affect pre-tRNA stability. For example, we show that certain mutations in the pre-tRNA 
impair aptamer fluorescence in vitro (Figure 3.4B) and thus may affect RNA folding and 
downstream processing in vivo. Unpairing all of the distal bases in the anticodon-intron 
helix appeared to reduce stability of the pre-tRNA in vivo (Figure 3.5D). In contrast, there 
is a clear accumulation of the pre-tRNA in many other mutant constructs (Figures 3.5B 
and 3.5C). Perhaps mutation of the PBP also disrupts the structure of the invariant 3 nt 
bulge and thereby impairs recognition of the intron-3' exon cut site. Similarly, if the helix 
region is too tightly paired, the rigidity of the duplex could interfere with positioning of the 
cut sites or otherwise reduce interaction with the TSEN complex. In the future, high-
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resolution (e.g. NMR) structure-function analysis of wild-type and mutant BHB-like motifs 
could shed light on these issues.  
Fungi and metazoa: distinct intron fates 
Two pathways for tRNA ligation exist in nature: the “healing and sealing” pathway, 
utilized by plants and fungi, and the “direct ligation” pathway, found in archaea and 
animals (Yoshihisa 2014). Plants and fungi lack RtcB-family enzymes and thus only have 
one way to ligate tRNA exons (Englert and Beier 2005; Wang et al. 2006). Similarly, 
archaea do not possess healing and sealing enzymes and therefore can only join RNA 
ends by direct ligation (Popow et al. 2012). Although metazoans appear to primarily use 
the direct ligation pathway (Popow et al. 2012), there is evidence for healing and sealing-
type splicing in higher organisms. For example, mammalian genomes contain an RNA 
polynucleotide kinase (CLP1) and a 2',3'-cyclic nucleotide phosphodiesterase (CNP) that 
can perform the corresponding activities of yeast Rlg1/Trl1 (Schwer et al. 2008; Ramirez 
et al. 2008); they also contain a putative 2'-phosphotransferase called TRPT1 (Spinelli et 
al. 1998). Additionally, an Rlg1/Trl1-like tRNA ligase activity has been detected in human 
cells (Zillmann et al. 1991). However, mouse Cnp1 and Trpt1 are not essential, as 
knockouts of either of these genes do not affect organismal viability (Lappe-Siefke et al. 
2003; Harding et al. 2008). Thus, a yeast-like tRNA splicing pathway may exist in 
mammals, but it likely contributes little to overall tRNA production. In this study, we have 
shown that direct ligation is the primary tRNA and tricRNA biogenesis pathway used in 
flies (Figures 3.8, 3.9, and 3.10). Similar to the situation in mammals, we cannot exclude 
a role for the Drosophila healing and sealing pathway in developmental regulation or in 
response to cellular stress. Perhaps this alternative pathway might be utilized in a tissue-
specific or stress-induced manner. Additional studies will be needed to assess the 
overall contribution of this pathway to the regulation of tRNA and tricRNA expression in 
Drosophila.  
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It is interesting to consider why Drosophila tRNA introns are circularized, rather 
than being immediately degraded, as is their typical fate in yeast (Wu and Hopper 2014). 
One possibility is that tricRNAs serve an important function, and so production of these 
circRNAs would outweigh the energetic benefits of creating a supply of free nucleotides. 
Previously, we observed a high degree of conservation of tric31905 among the twelve 
fully-sequenced Drosophilid species (Lu et al. 2015). In particular, there is significant co-
variation within the predicted tric31905 secondary structure, suggesting that there has 
been selection for a specific structure over evolutionary time (Lu et al. 2015). Consistent 
with these observations, we previously identified reads from small RNA-seq datasets that 
map to the intron of CR31905 (Lu et al. 2015). Taken together with Figure 3.11, it seems 
likely that Clipper is involved in the observed downstream processing of tric31905 into 
21nt fragments (Lu et al. 2015). Whether these downstream processing events lead to 
formation of RNA silencing complexes has yet to be determined. Alternatively, 
endonucleolytic cleavage by Clipper might initiate the process of tricRNA degradation. 
Given that Clipper exhibits a preference for binding RNAs with G- and/or C-rich regions 
(Bai and Tolias 1998), it is also possible that different endonucleases may cleave 
different tricRNAs.  
Irrespective of the ultimate fate or function of metazoan tRNA introns, these 
observations raise an important evolutionary question. As mentioned above, the fate of 
tRNA introns varies between different organisms, and the presence of tricRNAs appears 
to correlate with the occurrence of RtcB in the corresponding genome. Is RtcB the 
determining factor for tRNA intron circularization? Here, we showed that replacing a 
healing and sealing pathway enzyme in yeast with bacterial RtcB results in tricRNA 
formation. These data suggest that intron circularization may be a normal “byproduct” of 
RtcB exon ligation. RtcB is the eponymous member of an RNA ligase family that requires 
a 5'-OH and a 2',3'-cyclic phosphate in order to carry out its enzymatic activity (Popow et 
al. 2011). Because these atypical RNA termini are generated by RNase L type 
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endonucleases, a second prediction is that mRNA exons that are ligated by RtcB would 
also generate circular introns. Indeed, recent work strongly supports this idea. IRE1 is an 
RNase L family endonuclease that cleaves HAC1 mRNA during the unfolded protein 
response in yeast (Sidrauski and Walter 1997) and XBP1 mRNA in metazoan cells 
(Yoshida et al. 2001). The long-sought RNA ligase responsible for catalyzing this 
unconventional RNA splicing event during the metazoan UPR is RtcB (Kosmaczewski et 
al. 2014; Lu et al. 2014; Ray et al. 2014). In budding yeast, Rlg1/Trl1 ligates the two 
HAC1 exons and the linear intron is degraded. However, in the same rlg1∆+RtcB yeast 
strain used here, the HAC1 mRNA intron was also recently shown to be circularized 
(Cherry et al. 2019). Altogether, these findings provide strong support for the notion that 
fungal tRNA introns are primarily linear because yeast lack RtcB.  
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CHAPTER 4: MUTATIONS IN DROSOPHILA TRNA PROCESSING FACTORS 
CAUSE PHENOTYPES SIMILAR TO PONTOCEREBELLAR HYPOPLASIA  
Authors: Casey A. Schmidt, Lucy Min, Joseph D. Giusto, Michelle H. McVay, and A. 
Gregory Matera 
Introduction 
Transfer (t)RNAs play a crucial role in the heavily regulated process of protein 
expression. As highly structured adapter molecules, tRNAs translate nucleic acid 
messages into polypeptide outputs. In many organisms, including metazoans, most 
tRNA genes need only to be transcribed, end-processed, and modified before they can 
participate in protein translation (Phizicky and Hopper 2010). However, a subset of tRNA 
genes contains introns (Chan and Lowe 2009, 2016). These intervening sequences are 
generally small and interrupt the anticodon loop of the tRNA (Yoshihisa 2014). As tRNA 
structure is crucial for proper function, intron removal is a highly important step in tRNA 
gene expression.  
In metazoans, tRNA intron removal is carried out in two enzymatic steps. First, a 
heterotetrameric enzyme complex called TSEN recognizes the pre-tRNA transcript 
(Paushkin et al. 2004). This complex cleaves the pre-tRNA in two places: at the 5' exon-
intron boundary, and at the intron-3' exon boundary (Trotta et al. 1997). These cleavage 
events yield non-canonical RNA ends: 2',3'-cyclic phosphate on the 3' ends of the 5' 
exon and intron, and 5'-OH on the 5' ends of the intron and 3' exon (Abelson et al. 1998). 
Once the intron has been cut out of the pre-tRNA, a ligase enzyme called RtcB joins the 
two exon halves together into a mature tRNA, using the cyclic phosphate on the 5' exon 
as the junction phosphate (Popow et al. 2011). Strikingly, RtcB can only use the 5'-OH 
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on the 3' exon as a substrate for ligation; it cannot use a 5'-phosphate (Popow et al. 
2011).  
 For many years, the fate of the intron was unknown. However, recent work from 
our lab has shown that Drosophila tRNA intron ends are ligated together to yield a 
circular RNA, called a tRNA intronic circular (tric)RNA (Lu et al. 2015; Schmidt et al. 
2019). This ligation event also uses the 2',3'-cyclic phosphate as the junction phosphate; 
we term these events the “direct ligation” tRNA splicing pathway (Schmidt et al. 2019). 
Earlier reports from several archaeal species show that their tRNA intron ends are also 
ligated in a similar manner (Salgia et al. 2003).   
In contrast to direct ligation, plants and fungi utilize the “healing and sealing” 
ligation pathway (Yoshihisa 2014). Pre-tRNA cleavage is carried out by homologs of the 
TSEN complex and the same non-canonical RNA ends are generated. However, ligation 
is much different. A multifunctional enzyme called Rlg1/Trl1 executes three activities: the 
5'-OH of both the intron and 3' exon are phosphorylated via its kinase domain; the 2',3'-
cyclic phosphate of the 5' exon is opened through cyclic phosphodiesterase activity; and 
the exon halves are then joined by the ligase domain. The extra phosphate at the 
junction of the newly ligated tRNA is removed by a 2'-phosphotransferase enzyme called 
Tpt1 (Lopes et al. 2015). In contrast to archaea and animals, the tRNA intron, now 
containing a 5'-phosphate, becomes a substrate for degradation by the exonuclease 
Xrn1 (Wu and Hopper 2014). 
Although there has been a great body of work on tRNA splicing in yeast and 
human cells, less is known about the function of tRNA splicing enzymes in vivo. There is 
a class of human neurological diseases called Pontocerebellar Hypoplasia (PCH); 
interestingly, several subytpes of PCH are associated with mutations in any member of 
the TSEN complex (Budde et al. 2008; Cassandrini et al. 2010; Namavar et al. 2011a; b; 
Valayannopoulos et al. 2012; Battini et al. 2014; Breuss et al. 2016). Although the exact 
mechanism of disease is not well understood, each subtype of PCH exhibits 
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microcephaly and structural abnormalities in the brain. These growth and tissue 
maintenance defects lead to developmental delays, mobility issues, and intellectual 
disability. In an animal model of PCH, knockdown of TSEN54 in zebrafish embryos 
caused structural defects as well as cell death within the brain (Kasher et al. 2011). 
Further experimentation showed that genetic knockout of TSEN54 was lethal in these 
animals.  
Recently, a new subtype of PCH was identified in several consanguineous 
eastern Turkish families (Karaca et al. 2014; Schaffer et al. 2014; Wafik et al. 2018). 
PCH10 is associated with missense mutations in the CLP1 gene, which encodes an 
RNA kinase (Weitzer and Martinez 2007). Paradoxically, CLP1 has been shown to 
phosphorylate tRNA 3' exons in vitro (Weitzer and Martinez 2007). This finding is 
remarkable, considering that the human tRNA ligase RtcB cannot use 5'-phosphorylated 
tRNA 3' exons for ligation (Popow et al. 2011). Interestingly, CLP1 is a member of the 
human TSEN complex (Paushkin et al. 2004), and mutations rendering it kinase dead 
have been implicated in TSEN complex integrity (Hanada et al. 2013). Strikingly, all 
PCH10 cases to date report the same homozygous missense mutation in the CLP1 gene: 
a G>A transition resulting in substitution of a histidine for an arginine residue (R140H) 
(Karaca et al. 2014; Schaffer et al. 2014; Wafik et al. 2018). This mutation is predicted to 
alter the structure of CLP1 by disrupting a hydrogen bond with a conserved glutamate 
residue, and has also been shown to reduce both its RNA kinase activity as well as its 
interaction with the TSEN complex (Karaca et al. 2014; Schaffer et al. 2014). Other 
studies in a Clp1 kinase dead mouse model have found similar neurodegenerative 
phenotypes to human PCH10 patients (Hanada et al. 2013).  
Although disease-related phenotypes have been extensively characterized in 
animal models, much less known about tRNA processing in these systems. In particular, 
nothing is known about the state of tRNA introns in these diseases. Due to the small size 
of human tRNA introns (most are <25 nucleotides) (Chan and Lowe 2016), they can be 
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difficult to detect in RNA-seq experiments, especially if they are circular. In contrast, 
although most Drosophila tRNA introns are quite small, the intron from one tyrosine 
tRNA gene (CR31905) is very large (113 nucleotides) and can be easily detected 
throughout development by Northern blot and RNA-seq (Lu et al. 2015). In addition, its 
shape (linear vs. circular) can be directly tested by molecular biology assays (Lu et al. 
2015). We have previously characterized tRNA processing factors in Drosophila cells, 
including TSEN complex member TSEN54 (Schmidt et al. 2019), and database searches 
have identified the fly homolog of CLP1 as crowded by cid (cbc), a previously 
uncharacterized gene. Furthermore, there are sophisticated genetic tools available in 
flies that allow manipulation of gene expression in a very fine tissue-specific or 
developmental time-specific manner.  
In this study, we establish a Drosophila model of PCH by characterizing available 
TSEN54 and cbc mutants. We show that these mutants exhibit viability, locomotion, and 
brain size phenotypes similar to PCH patients and animal models. We also use RNA 
interference (RNAi) to test if there is a tissue-specific requirement for cbc expression. 
Our work generates a new model of PCH where we can directly examine tRNA splicing 
outputs in processing factor mutant animals.  
Methods 
Fly lines and husbandry 
For a list of mutants, RNAi lines, and gal4 drivers used in this study, see Tables 
4.1, 4.2, and 4.3. The balancer chromosomes of the cbc and TSEN54 mutant lines were 
changed as follows: for the cbc alleles, the balancer was switched with the Cyo-Actin-
GFP second chromosome balancer; for the TSEN54 alleles, the balancer was switched 
with the TM6B-GFP third chromosome balancer. Stocks were maintained on molasses 
food. All fly stocks and crosses were performed at 25°, except for RNAi crosses which 
were performed at 29°. To generate homozygous mutant animals, males and females 
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from a balanced stock were placed in a cage to mate and females laid eggs on molasses 
plates with yeast paste. After allowing the plate to age for one day, GFP-negative larvae 
were sorted into vials for viability and locomotion assays (so as to reduce competition 
from heterozygous siblings).  
Viability assay 
The viability assay was performed as described in (Spring et al. 2019). 
Locomotion assay 
The locomotion assay was performed as described in (Spring et al. 2019) with 
the following modifications: videos were taken on an iPhone 8 and trimmed to exactly 45 
seconds.  
Brain dissection and imaging 
Third instar larvae were gross dissected in PBS using sharpened forceps in order 
to expose the larval brain. The inverted carcasses were fixed in 4% formaldehyde, 
washed three times in PBT (0.1% Triton X-100 in PBS), blocked in PBT-G (1% normal 
goat serum + 0.3% Triton X-100 in PBS) and incubated in primary antibody diluted in 
PBT-G overnight at 4°. The next day, the inverted carcasses were washed three times in 
PBT, incubated in secondary antibody + Phalloidin-FITC for one hour at 25°, and 
washed three additional times in PBS before fine dissecting the larval brains. The brains 
were mounted on a slide with mounting media containing DAPI. The slides were imaged 
using a Zeiss 710 confocal microscope, and the images were processed with ImageJ. 
The following antibodies were used in this study: rabbit anti-cleaved caspase 3 D175 at 
1:100 (Cell Signaling Technology #9661); Alexa 647 goat anti-HRP at 1:500 (Jackson 
ImmunoResearch Laboratories Inc. (123-605-021); Alexa 488 goat anti-rabbit at 1:1000 
(Life Technologies ref# A11008). 
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Results 
In this study, we used available mutant stocks from the Bloomington Drosophila 
Stock Center. Notably, both cbc and CG5626 were previously uncharacterized; the 
sequenced cbc mutant lines were likely generated in a screen for mutations in the 
nearby gene cid. A list of the mutant alleles we obtained is in Table 4.1. As can be seen, 
some lines are EMS-induced mutations, while others are P-element insertions. Using 
these lines, we set out to model PCH in Drosophila. 
 




stock number Mutation 
cbc1 CLP1 cbc 27620 point mutant; A37T 
cbc2 CLP1 cbc 27621 point mutant; Q5X 
cbc3 CLP1 cbc 17812 p-element insertion in the 2nd exon 
TSEN541 TSEN54 CG5626 18077 p-element insertion in the 3' UTR 
TSEN542 TSEN54 CG5626 36235 p-element insertion in the 4th exon 
Table 4.1 Drosophila mutants used in this study 
tRNA processing factor mutants display severe viability defects  
We first examined viability in tRNA processing factor homozygous mutants. Upon 
performing a standard viability assay, we identified significant defects in all of the 
mutants we tested (Figure 4.1). Notably, the cbc2 allele is quite strong; these animals die 
as embryos. Similarly, the TSEN541 homozygotes die as third instar larvae. The 
remaining homozygous mutants (cbc1, cbc3, and TSEN542) display approximately 50% 
pupation (Figure 4.1A), and only the cbc3 homozygotes eclose (albeit at a very low 
frequency, ~5%; Figure 4.1B). These results are consistent with human PCH patient data, 
where one study reported the median age of death to be 50 months (Namavar et al. 
2011a). Additionally, the observed viability defects are recapitulated in other animal 
models of PCH. Zebrafish bearing a homozygous nonsense mutation in TSEN54 did not 
survive beyond 10 days post-fertilization (Kasher et al. 2011). Furthermore, Clp1-null 
mice die before embryonic day 6.5, a very early time point in mouse development 
(Hanada et al. 2013). We conclude that homozygous mutations in tRNA processing 
factors cause strong viability defects in Drosophila.  
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Figure 4.1 Mutations in Drosophila tRNA processing factors cause strong viability defects. (A) 
Pupal and (B) adult viability of homozygous mutants (cbc in purple, TSEN54 in green) compared 
to wild-type (Oregon R in black). Note that in some mutants a circle is placed below the x-axis to 
indicate a zero value rather than absence of data. *** p<0.001, student’s t-test. 
We also assessed viability in animals depleted of known Drosophila tRNA 
processing factors (Schmidt et al. 2019) using ubiquitous RNA interference (RNAi) via 
the gal4-UAS system (Brand and Perrimon 1993). We obtained UAS-RNAi lines for 
Drosophila tRNA processing factors (Table 4.2) and crossed these animals to either 
Oregon R (to control for the UAS-RNAi element) or daughterless-gal4 (to ubiquitously 
express shRNA against the target tRNA processing factor). Additional controls for this 
experiment were Oregon R (wild-type) and daughterless-gal4 alone. As expected, none 
of the control crosses displayed pupal (Figure 4.2A) or adult (Figure 4.2B) viability 
defects. A control was to knock down CG33057, the Drosophila homolog of the yeast 2'-
phosphotransferase enzyme Tpt1. We previously showed that depletion of CG33057 in a 
cellular model had no effect on tricRNA formation (Schmidt et al. 2019); thus, we do not 
believe this pathway to be active in flies. Accordingly, depletion of CG33057 had no 
significant effect on animal viability (Figures 4.2A and B). Depletion of TSEN2 or 
TSEN54 did not greatly affect viability (Figures 4.2A and B), which was interesting 
considering that depletion of these proteins strongly reduces tRNA and tricRNA 
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production in a cellular model (Schmidt et al. 2019). Strikingly, we only observed 
significant adult viability defects upon depletion of RtcB ligase or other members of the 
ligation complex (Figure 4.2B). Overall, we observed a range of viability phenotypes 
when knocking down known tRNA processing factors in Drosophila.  
RNAi line Stock number 
TSEN2 RNAi 55659 
TSEN54 RNAi #1 35337 
TSEN54 RNAi #2 57756 
RtcB RNAi #1 v36198 
RtcB RNAi #2 v36494 
Ddx1 RNAi #1 55744 
Ddx1 RNAi #2 27531 
Archease RNAi 42851 
CG33057 RNAi #1 55699 
CG33057 RNAi #2 62962 
Table 4.2 RNAi lines used in this study 
 
Figure 4.2 Ubiquitous depletion of Drosophila tRNA ligation factors, but not cleavage factors, 
affects viability. (A) Pupal and (B) adult viability of control and RNAi crosses. Oregon R and da-
gal4 alone (black) are controls. For each cross, the dark gray filling represents the RNAi element 
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alone, and the light gray filling represents the da-gal4 x UAS-RNAi cross. The green bars are 
knockdown of pre-tRNA cleavage factors; the orange bars are knockdown of tRNA ligation factors; 
and the purple bars are knockdown of healing/sealing pathway factors. *p<0.05; **p<0.01, 
***p<0.001, student’s t-test. Note that in some crosses a circle is placed below the x-axis to 
indicate a zero value rather than absence of data. 
tRNA processing factor mutants exhibit locomotion defects 
We next focused on mobility of the mutant animals. Previous reports from a Clp1-
kinase dead knock-in mouse model found progressive locomotion defects in the 
homozygous mutants, including altered gait, reduced stride length, and impaired balance 
(Hanada et al. 2013). Furthermore, PCH patients are often reported to have a lack of 
motor development (Namavar et al. 2011b). To determine if the Drosophila mutants also 
displayed locomotion defects, we performed locomotion assays on wandering third instar 
larvae. All of the homozygous mutants except for TSEN542 displayed a significant 
reduction in crawling speed, measured in body lengths per second to normalize for larval 
size (Figure 4.3A). Interestingly, the locomotion defect was not quite as severe in the cbc 
mutants; these animals displayed crawling speed more similar to wild-type, although still 
significantly reduced. Representative crawling paths can be seen in Figure 4.3B. The 
wild-type animals crawled in a generally straight motion path, whereas the mutants’ 
motion paths were typically shorter and had more turns. Overall, we observed 
locomotion defects in most of the mutants, consistent with both animal model and patient 
data.   
 91 
 
Figure 4.3 tRNA processing factor mutants exhibit locomotion defects. (A) Crawling speed of 
homozygous mutants (cbc in purple, TSEN54 in green) compared to wild-type (Oregon R in black) 
measured in body lengths per second. **p<0.01; ***p<0.001, student’s t-test. (B) Representative 
crawling paths for the experiment in (A). 
tRNA processing factor mutants have reduced brain lobe size 
The most prominent feature of PCH patients is microcephaly; the frequency of 
other phenotypes appears to be dependent on the specific PCH subtype (Budde et al. 
2008; Namavar et al. 2011b). The zebrafish model of PCH exhibits brain hypoplasia as 
well as structural defects (Kasher et al. 2011). Clp1 kinase dead mice had both reduced 
brain weight and volume, as well as structural abnormalities (Hanada et al. 2013). 
Furthermore, zebrafish bearing a homozygous nonsense mutation in Clp1 displayed 
gross head morphological defects and a massive increase in TUNEL-positive cells 
(Schaffer et al. 2014). To determine if the tRNA processing factor mutants recapitulate 
the brain phenotypes observed in mice, zebrafish, and human patients, we dissected 
third instar larval brains and performed immunofluorescence. Brains were stained with 
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anti-HRP to detect neurons, phalloidin-FITC to detect actin, and DAPI to detect DNA. 
Imaging these stained brains revealed that all mutants displayed a reduction in brain 
lobe size (Figure 4.4A, quantified in Figure 4.4B), including a positive control known to 
exhibit microcephaly (Poulton et al. 2017). We quantified brain lobe volume as described 
by (Poulton et al. 2017) and found that the mutants and positive control showed a 
significant reduction in brain lobe volume.  
 
Figure 4.4 tRNA processing factor mutants display significantly reduced brain lobe volume. (A) 
Representative images of wandering third instar larval brains stained with anti-HRP, phalloidin-
FITC, and DAPI. (B) Quantification of the brain lobe volume from the images in (A). The controls 
are in black, cbc mutants are in purple, and TSEN54 mutants are in green. ***p<0.001, student’s 
t-test. (C) Quantification of apoptotic cells per brain lobe. **p<0.01, student’s t-test. 
We next tested whether the reduced volume was due to cell death. Accordingly, 
we stained brains with an antibody against cleaved caspase 3 (CC3) to detect apoptotic 
cells (Figure 4.4C). The positive control mutant mad2 sas-4 displayed a significant 
increase in the number of CC3+ brain cells per lobe. Interestingly, the stronger of the two 
alleles for each processing factor (cbc1 and TSEN541) both had a significant increase in 
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apoptotic cells; however, the weaker of the two alleles (cbc3 and TSEN542) did not show 
a significant difference in apoptotic cells, despite having significantly smaller brain lobes. 
Taken together, these data show that all tRNA processing factor mutants have 
significantly smaller brains than wild-type larvae, and this reduction in volume is due, at 
least in part, to apoptosis in the stronger mutants. 
Tissue-specific depletion of cbc causes viability and locomotion defects 
Although tRNA splicing is a ubiquitous cellular process, certain tissues such as 
motor neurons seem to be more sensitive to mutations in tRNA processing enzymes. As 
evidence of a tissue-specific need for tRNA biogenesis, the neurodegenerative 
phenotypes observed in the Clp1 kinase dead mice could be rescued by expression of 
wild-type Clp1 only in motor neurons via the Hb9 promoter (Hanada et al. 2013). To test 
if there is similar tissue specificity in flies, we knocked down cbc using various neuron 
and muscle gal4 drivers (Table 4.3). As a control, we knocked down cbc in eye tissue 
(GMR-gal4) and observed no strong defects in viability or locomotion (Figure 4.5). We 
found the strongest viability (Figures 4.5A and B) and locomotion (Figure 4.5C) defects 
using a combined neuron + muscle driver, C15-gal4 (Spring et al. 2019). To further refine 
our analysis, we next used more specific neuron and muscle gal4 drivers (Table 4.3). 
Depletion of cbc in all neurons (C155-gal4) or motor neurons (C164-gal4) had a strong 
effect on pupal and adult viability, as well as larval locomotion (Figure 4.5). We observed 
weaker effects on viability and locomotion with cholinergic (Cha-gal4) or glutamatergic 
(OK371-gal4) neuron drivers (Figure 4.5). Interestingly, although we did not find any 
notable pupal viability defects using muscle drivers (C57-gal4, Mef2-gal4), depleting cbc 
from these tissues strongly reduced adult viability (Figures 4.5A and B). Furthermore, 
cbc knockdown via the Mef2-gal4 driver severely affected larval crawling speed (Figure 
4.5C). These results suggest that, consistent with mouse data, cbc functions in motor 
neurons. However, we also show here that cbc is additionally important in muscles. 
Further experiments can shed light on the role of cbc in both of these tissues.  
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Gal4 driver Affected tissue 
daughterless Ubiquitous 
GMR Eye 
C15 Neurons + muscle 
C155 Neurons 
C164 Motor neurons 
OK371 Glutamatergic neurons 
Cha Cholinergic neurons 
C57 Muscle 
Mef2 Muscle 
Table 4.3 Gal4 drivers used in this study 
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Figure 4.5 Evidence for a tissue-specific requirement for cbc. (A) Pupal and (B) adult viability of 
control and RNAi crosses. Oregon R and cbc RNAi alone are negative controls. For each cross, 
the shaded bar is the gal-4 element alone, and the unshaded bar is the RNAi cross. Gray bars are 
controls, dark blue bars are combined neuron + muscle drivers, purple bars are neuron drivers, 
and light blue bars are muscle drivers. *p<0.05; **p<0.01; ***p<0.001, student’s t-test. Note that in 
some crosses a circle is placed below the x-axis to indicate a zero value rather than absence of 
data. Also note that the Mef2 results are from only one trial. (C) Crawling speed of wandering third 
instar larvae from control and RNAi crosses measured in body lengths per second. 
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Discussion 
Rare genetic disorders such as PCH are often quite difficult to study due to a lack 
of patient data. Thus, researchers turn to animal models to better understand these 
disorders. Our work is the first report of a Drosophila model of PCH. Using available cbc 
and TSEN54 mutants, we observed disease-related phenotypes in a genetically tractable 
model organism. We also utilized ubiquitous and tissue-specific RNAi to ascertain the in 
vivo function of tRNA splicing factors. We plan to further refine our model so that we can 
discover how the process of tRNA splicing interfaces with neurological diseases.  
Our current efforts to enhance our model are focused on rescue and validation 
experiments. We first plan to attempt rescue in the TSEN54 and cbc homozygous 
mutants with expression of wild-type protein. At present, we cannot rule out the 
possibility that the observed disease-like phenotypes are due to homozygosity of a 
second-site mutation; thus, a rescue experiment will allow us to make stronger 
conclusions. Next, we will determine the effect of specific TSEN54 or cbc mutations on 
RNA and protein levels. We have established RT-PCR primers to test transcript 
abundance ((Schmidt et al. 2019) and unpublished data). Although there are no 
Drosophila-specific antibodies for these proteins, we plan to test human TSEN54 and 
CLP1 antibodies to determine if there is cross-reactivity. Ultimately, we will establish the 
effect of each mutation on RNA and protein levels. 
It is important to note that our experiments were performed on available mutant 
lines from stock centers rather than with specific patient-derived mutations. However, 
despite the lack of these specific mutations, we still observed PCH-related phenotypes in 
nearly all mutants tested. Strikingly, all mutants exhibited microcephaly, similar to 
established PCH phenotypes. Although tRNA splicing is implicated in PCH (Karaca et al. 
2014; Schaffer et al. 2014; Breuss et al. 2016), it is possible that these diseases are 
caused by a non-tRNA splicing function of the TSEN complex or CLP1. In this case, we 
would need to make patient-derived mutations in TSEN complex members or cbc.  Due 
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to the ease of genetic engineering in Drosophila, these disease-specific mutations, such 
as the CLP1 R140H mutation, would in theory be easy to make. The assays performed 
above could be repeated in these mutant animals to generate a more relevant disease 
model.  
One benefit of using Drosophila melanogaster as a model system is that we can 
directly examine tricRNAs in mutant and RNAi animals. Because tRNA and tricRNA 
biogenesis are affected in the same way by processing factor mutations (Schmidt et al. 
2019), tricRNA levels can be used as a proxy for tRNAs, which can sometimes be 
difficult to detect due to their abundance, stability, and modifications. Based on previous 
work (Schmidt et al. 2019), we predict that tricRNA abundance will be much lower in the 
TSEN54 mutants. On the other hand, we hypothesize that the cbc mutants will have 
higher levels of tricRNAs than wild-type. If cbc on some level is acting as an RNA kinase 
in vivo on tRNA 3' exons and introns, RtcB can not use these 5'-phosphorylated 
molecules as substrates for ligation. Thus, mutation or depletion of cbc could remove this 
negative regulation of tRNA and tricRNA biogenesis. Northern blots of endogenous 
tricRNAs will reveal if these hypotheses are true. These experiments would fit into a 
larger body of work on the link between tRNA processing and neurological disease, and 
perhaps add insight to the mechanism of disease onset and progression. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 
Summary of tricRNA findings to date 
tRNA introns were first discovered in yeast in the late 1970s (Goodman et al. 
1977; O’Farrell et al. 1978). A great amount of work has since been done to identify how 
these intervening sequences are removed. In the process, the mechanism of pre-tRNA 
cleavage by various endonuclease families has been discovered. In addition, two distinct 
tRNA exon ligation pathways found in different types of organisms have been identified 
and characterized. A surprising but fascinating finding came from examining chimeric 
RNA seq reads, leading to the discovery of tricRNAs in fruit flies. This narrative is 
evidence that new stories can arise from established fields; the emergence of tricRNAs 
as a new biological molecule brought along a whole new set of questions.  
In an attempt to answer some of these questions, I created a series of tricRNA 
splicing reporters, and I optimized them for expression in either human or Drosophila 
cells (Chapters 2 and 3). Using these reporters, I identified specific cis-acting elements 
important for tricRNA production. In particular, I found that Drosophila pre-tRNAs contain 
a structural motif resembling a BHB, which requires a strong proximal base pair as well 
as weaker base pairs within the helix region (Chapter 3). I also searched for Drosophila 
homologs of human tRNA splicing factors and discovered that the direct ligation pathway 
is active in flies, which ligates tRNA exons and intron ends generated by homologs of the 
TSEN complex (Chapter 3).   
One of the more unexpected findings came from a candidate screen of 
Drosophila endonucleases to determine how tricRNAs are degraded. Although I was 
only ever able to detect a modest increase in tric31905 levels upon its knockdown, I 
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identified Clipper, a homolog of mammalian CPSF 30K, as a potential tricRNA turnover 
factor (Chapter 3). Future studies could address if Clipper acts together with other 
factors, or if endonucleases that are part of the RNAi pathway are involved in tricRNA 
degradation.  
Another exciting result was categorizing RtcB as the tRNA intron circularizing 
factor. I was always curious as to why tRNA introns had different fates in different 
organisms, and noticed that circularization appeared to correlate with the presence of 
direct ligation enzymes and the absence of healing and sealing enzymes. To address 
this conundrum, we collaborated with Anita Hopper’s lab and indeed found that yeast 
engineered to express RtcB instead of Rlg1/Trl1 did indeed make tricRNAs (Chapter 3). 
It is still a mystery as to why Rlg1/Trl1 is unable to ligate tRNA intron ends into tricRNAs; 
perhaps there are structural constraints that do not allow this reaction to happen.  
My most recent work involves determining the function of tRNA splicing enzymes 
in vivo using Drosophila melanogaster as a model system. In collaboration with a team of 
undergraduates, I found that homozygous mutations in TSEN54 or the fly ortholog of 
CLP1, cbc, caused dramatic viability defects (Chapter 4). Strikingly, these mutants also 
displayed similar phenotypes to human PCH patients and PCH animal models, including 
impaired larval locomotion and reduced brain lobe volume due in part to apoptosis 
(Chapter 4). Furthermore, using tissue-specific gal4 drivers, I showed that neurons and 
muscles are particularly sensitive to loss of cbc, as depletion in these tissues alone 
caused viability and locomotion defects (Chapter 4). One important caveat to note is that 
I used mutant lines available from Drosophila stock centers for these experiments; thus, 
my findings are based on loss-of-function and hypomorphic alleles. To truly understand 
disease mechanism, we would need to establish alleles of TSEN complex members or 
cbc with patient-derived mutations. This experiment would be relatively simple due to 
advances in genetic engineering technology in Drosophila, and would allow us to 
specifically investigate disease mechanism in flies. 
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At present, we are most interested in the state of tRNA spicing products in these 
organisms, namely tricRNAs. Our current efforts include performing Northern blots for 
tric31905 in RNA samples from wandering third instar homozygous mutant larvae. We 
also plan to determine if tRNA splicing intermediates accumulate in any of the mutants or 
RNAi animals. Overall, we hope to add to the growing body of information on tRNA 
splicing in metazoans.  
Novel functions for tRNA splicing enzymes 
It is interesting to consider human diseases that are caused by mutations in 
proteins that have seemingly essential functions. For example, spinal muscular atrophy 
(SMA) is caused by loss or mutation of the human SMN1 gene, which functions in 
snRNP biogenesis (Spring et al. 2019). Because pre-mRNA splicing is a fundamental 
cellular process, it is perplexing that only certain cell types are particularly sensitive to 
loss or mutation of SMN1. Quite similarly, mutations in human tRNA processing factors, 
including the TSEN cleavage complex and the associated RNA kinase CLP1, cause 
PCH, which primarily affects neuronal tissues. SMA and PCH patients and animal 
models share certain neurodegenerative phenotypes, including locomotion defects and 
progressive loss of lower motor neurons. One possible reason that only certain cell types 
are affected in PCH is that the observed patient mutations are separation-of-function, 
leaving tRNA splicing intact but impairing some other disease-related function of the 
protein.  
In agreement with this idea, there have been reports of several tRNA splicing 
factors having additional non-splicing functions. For example, it has been known for 
many years now that the yeast TSEN complex is localized to the outer mitochondrial 
membrane (Yoshihisa and Yunoki-Esaki 2003). The significance of this localization was 
unclear, as yeast engineered to target TSEN to the nucleus had no defects in tRNA 
splicing (Dhungel and Hopper 2012). However, a recent study showed that TSEN 
cleaves CBP1 mRNA, a mitochondrial-localized transcript in yeast (Tsuboi et al. 2015). 
 101 
The purpose of this cleavage is not known, nor is the cellular effect. Perhaps it is related 
to growth, as the aforementioned engineered yeast with nuclear TSEN had significant 
growth defects that could only be rescued by mitochondrial-localized TSEN (Dhungel 
and Hopper 2012). 
Another instance of a non-splicing function for a tRNA processing factor was the 
discovery that RtcB mutants in C. elegans exhibit a faster axon regeneration time than 
wild-type worms upon injury (Kosmaczewski et al. 2015). This role for RtcB is dependent 
on its ligase activity and appears to be specific to neurons, as expression of wild-type 
RtcB using a GABA-specific promoter in the mutant background restored axon 
generation time to wild-type levels. Interestingly, this activity was also independent of 
known RtcB cofactor archease. 
A more well-established non-tRNA-related function of the ligase enzymes is in 
the unfolded protein response (UPR). In yeast, ER stress leads to the activation of the 
endoribonuclease Ire1, which cleaves HAC1 mRNA in a manner akin to TSEN cleavage 
(i.e. generating 2',3'-cyclic phosphate and 5'-OH at the sites of cleavage). The cleaved 
exons are then joined by the tRNA ligase Rlg1/Trl1. This newly-spliced mRNA, upon 
translation, encodes a transcription factor that activates stress response genes (Cherry 
et al. 2019). The situation is similar in metazoans: a homolog of Ire1 cleaves XBP1 
mRNA, and RtcB ligates the exons (Kosmaczewski et al. 2014). Although the fate of the 
intron is unknown in metazoans due to its small size, the same RtcB replacement yeast 
utilized in our earlier work were found to also circularize the HAC1 intron, giving further 
credence to the notion that RtcB is the circularization factor, as yeast with endogenous 
Rlg1/Trl1 do not circularize the HAC1 intron upon its excision (Cherry et al. 2019).  
Although these roles for TSEN, Rlg1/Trl1, and RtcB are not related to tRNA 
splicing, they still rely on the same enzymatic function utilized in the pathway. 
Interestingly, there are also examples of non-enzymatic functions of tRNA splicing 
enzymes. For example, CLP1 was initially identified as a member of the mRNA 3' end 
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cleavage factor IIm complex (de Vries et al. 2000). Its role in this complex appears to be 
structural, as mutations rendering it kinase dead do not affect mRNA 3' end cleavage 
(Hanada et al. 2013). Interestingly, it is not known if the PCH10 R140H mutation has any 
effect on this function of CLP1. Overall, the contribution of the non-splicing functions of 
tRNA processing enzymes to neurological disease remains to be determined. 
Use of tricRNAs in research capacities 
Although endogenous human tricRNAs have yet to be detected, human cells 
have the appropriate machinery to produce tricRNAs from both human and fly tRNA 
genes (Lu et al. 2015; Schmidt et al. 2016). We have previously shown that several 
human cell types can make “designer” tricRNAs bearing a variety of sequences. In 
addition, circular RNAs are incredibly stable due to the lack of free nucleotide ends. 
These features make tricRNAs ideal candidates for therapeutic molecules.  
To that end, tricRNAs could be utilized as small RNA aptamers designed to 
specifically bind a target protein or RNA. There is biological precedence for this type of 
activity. In Drosophila, a circular RNA arising from the second exon of the muscleblind 
transcript contains binding sites for the muscleblind protein, thus acting as an RNA 
binding protein “sponge” (Ashwal-Fluss et al. 2014). Similarly, there are several 
established miRNA sponges identified in human cells (Memczak et al. 2013; Cai et al. 
2019). Thus, a specific nucleotide sequence engineered as a RNA binding protein or 
miRNA sponge could be encoded in a tRNA intron and then expressed as a tricRNA. 
This application could be effective in sequestering oncogenic proteins or miRNAs as a 
cancer therapy.  
In addition, tricRNAs could serve as templates for expression of a small 
therapeutic protein. Due to their incredible stability, a circular RNA template for protein 
translation could be much more effective than a linear template. We have shown that 
IRES-containing tricRNAs can produce proteins (Appendix A); thus, a tRNA with an 
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intron encoding a small ORF could feasibly be packaged into an AAV-type vector for 
gene therapy applications.  
Finally, tricRNAs could serve as an important research tool in the study of circular 
RNAs. Recent advances in RNA sequencing technology have shown that circular RNAs 
arising from back-splicing of mRNAs are abundant features of eukaryotic transcriptomes 
(Salzman et al. 2012; Jeck et al. 2013); however, their study is limited by available 
methodology. RNAi-based experiments may show a phenotype upon knockdown of a 
particular circular RNA; however, a rescue experiment would be needed to 
unambiguously assign the phenotype to the loss of the circular RNA. To that end, 
tricRNAs could serve as an orthogonal method to generate circular RNAs in this type of 
rescue experiment, strengthening the conclusions that can be made and thus enhancing 
overall understanding of circular RNA biology. As we continue to learn about tricRNA 
biogenesis, we can begin to develop tricRNAs as powerful research tools and 
therapeutic molecules.  
Open questions and final remarks 
The tricRNA field is very young; thus, there are numerous questions that could 
seed the research of several laboratories for many years. Chief among these questions 
is if tricRNAs have a function. We have shown that one tricRNA is likely processed into 
miRNAs, but we do not know if these are functional miRNAs; furthermore, if they are 
functional, we do not know if their production is essential. It is also not known if other 
tricRNAs are processed in a similar manner, or even if different tricRNAs have different 
cellular functions. There are several ways to approach these questions, and advances in 
genome editing technology will assist future experimentation in this area. 
Another central question relates to the existence of two tRNA ligation pathways. 
Human cells have all the necessary enzymatic activities of the healing and sealing 
pathway. Although HSPC117 was identified as a functional human tRNA ligase, do 
human cells utilize both splicing pathways? If so, what is the identity of the healing and 
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sealing-type ligase? Activity-guided purification and subsequent mass spectrometry 
could allow this mysterious ligase to be found. Once identified, further experiments could 
investigate if this second pathway is a backup, or if it is utilized only in specific tissues, 
developmental contexts, or cell stress situations.  
A pressing matter is the role of CLP1 in tRNA and tricRNA biogenesis. Does its in 
vitro kinase activity extend to tRNA 3' exons and introns in vivo? If so, what are the 
cellular effects of this activity? Because HSPC117/RtcB cannot use 5'-phosphorylated 
tRNA exons and introns for ligation, we predict that CLP1 is an in vivo negative regulator 
of tRNA and tricRNA biogenesis. Consistent with this hypothesis, depletion of cbc in S2 
cells results in a dramatic increase in both reporter and endogenous tricRNAs (Appendix 
B). Further experiments will be needed to determine the molecular mechanism of this 
upregulation. These investigations may include determining if CLP1 has other 
phosphorylation targets in the cell.  
Answering these questions will likely take many years of study. However, the 
answers will allow us to have a clearer understanding of the basic biological process of 
tRNA splicing. They will also give us much-needed insight into devastating neurological 
diseases like PCH. Overall, this type of investigation solidifies the need for basic 
research in model organisms that can later act as a model for human diseases. 
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APPENDIX A: EXPRESSION OF PROTEINS FROM TRICRNAS 
Rationale 
We have previously shown that we can generate “designer” tricRNAs with various 
inserts (Lu et al. 2015; Schmidt et al. 2016). An interesting application of tricRNA 
technology would be to express proteins from tricRNAs, perhaps in a therapeutic context. 
Others have shown that proteins can be expressed from circular RNAs if there is an 
internal ribosome entry site (IRES) present (Wang and Wang 2015). To determine if 
proteins could be expressed from tricRNAs, we cloned the Gaussia luciferase (GLuc) 
ORF into pTRIC-Y:IRES-U6+27. We chose GLuc for its small size (186 amino acid) and 
simple assay.  
Results and discussion 
Expression of GLuc from pTRIC-Y:IRES yielded a high amount of fluorescence 
signal (Figure A.1A). To show that the GLuc peptide was being translated from a circular 
and not linear template, we introduced mutations into the plasmid that are known to 
affect tricRNA biogenesis. Both the “short stem” and “unpaired PBP” strongly reduce 
tricRNA levels (Schmidt et al. 2019). When we tested these constructs for fluorescence 
in triplicate, we saw a dramatic and significant reduction in fluorescence levels as 
compared to the unmutated plasmid. We conclude that small proteins such as GLuc can 
be expressed from tricRNAs, and that translation is likely occurring on the tricRNA 
template rather than on a linear RNA. 
We next wanted to determine the effect of removing the IRES. To do this, we 
introduced several large deletions in the IRES sequence, including deleting the entire 
IRES (Figure A.1C). In this experiment, we normalized fluorescence signal to the signal 
from a co-transfected firefly luciferase plasmid to control for transfection efficiency. The 
fluorescence measurements were performed in triplicate. We were very surprised to see 
that deleting portions or even the entire IRES had a significant increase in translation 
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(Figure A.1B); we had hypothesized that removing parts of the highly structured IRES 
sequence would not allow binding to the ribosome. Based on these data, we reasoned 
that perhaps the IRES structure had some sort of inhibitory effect on translation due to its 
highly structured nature. Further experiments will be needed to test if this is the case. 
Overall, we show here evidence of IRES-independent translation from a circular RNA 
template. 
 
Figure A.1 Proteins can be expressed from tricRNAs. (A) Luciferase assay from transfection of 
wild-type and two mutant pre-tRNAs known to affect tricRNA biogenesis. **p<0.01, ***p<0.001, 
student’s t-test. (B) Normalized luciferase assay from the transfection of wild-type and several 
IRES deletion constructs. *p<0.05, student’s t-test. (C) Schematic of the deletions used in (B).  
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APPENDIX B: DEPLETION OF CBC IN S2 CELLS CAUSES AN INCREASE IN 
TRICRNAS 
Rationale 
CLP1 is an RNA kinase in humans that has been shown to act on tRNA 3' exons 
in vitro (Weitzer and Martinez 2007). It can genetically compensate for mutations in the 
kinase domain of yeast Rlg1/Trl1, suggesting that it can act as a kinase in vivo (Ramirez 
et al. 2008). Furthermore, it is a member of the human TSEN complex (Paushkin et al. 
2004). Interestingly, the product of CLP1 phosphorylation cannot be used by the “direct” 
tRNA ligase in humans (Popow et al. 2011). Thus, we hypothesized that CLP1 is a 
negative regulator of tRNA and tricRNA biogenesis though its kinase activity. We tested 
this hypothesis by knocking down the fly ortholog of CLP1, crowded by cid (cbc) and 
examining tricRNA levels/ 
Results and discussion 
We tested the effect of cbc depletion on reporter tricRNA production as described 
in Schmidt 2019. Using two different dsRNA sequences, we depleted cbc from S2 cells 
(Figure B.1, bottom right). Upon depletion, we observed a striking increase in both 
reporter (Figure B.1, left) and endogenous (Figure B.1, top right) tricRNAs. Interestingly, 
the level of reporter pre-tRNA seemed to increase as well; we hypothesize that this is 
due to some sort of positive feedback mechanism. Perhaps as more tricRNAs are being 
spliced, transcription of the reporter is also increasing. Further experiments will be 
needed to determine if this is the case, as well as to investigate the molecular 
mechanism of tricRNA upregulation.  
 108 
 
Figure B.1 Depletion of cbc in S2 cells causes increased levels of reporter and endogenous 
tricRNAs. Left, Broccoli-stained gel. Top right, Northern blot, Bottom right, RT-PCR showing 
knockdown efficiency.  
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APPENDIX C: DEPLETION OF CLIPPER IN DROSOPHILA CAUSES STRONG 
VIABILITY AND LOCOMOTOR DEFECTS 
Rationale 
Previously, we performed a candidate screen in S2 cells to determine how 
tricRNAs are degraded. We identified Clipper endonuclease as a potential tricRNA 
turnover factor (Schmidt et al. 2019). As part of our efforts to determine if loss of these 
endonucleases also causes tricRNAs to build up in animals, we obtained UAS-RNAi 
lines for various endonucleases and crossed them to daughterless-gal4 to ubiquitously 
knock down the candidates. We performed viability assays on these animals and also 
plan to determine tricRNA levels.  
Results and discussion 
As expected, none of the controls (driver alone, da-gal4 alone, or Oregon R) had 
any effect on viability (Figure C.1A and C.1B). Ubiquitous depletion of zucchini did not 
affect pupal or adult viability (Figure C.1A and C.1B). We observed very strong viability 
defects when knocking down Dis3 in animals (Figure C.1A and C.1B). This result was 
not surprising, as Dis3 plays an important role in the nuclear surveillance. Interestingly, 
the two RNAi lines for Clipper gave different phenotypes (Figure C.1A and C.1B). The 
da-gal4 x Clp RNAi #1 cross was larval lethal; the da-gal4 x Clp RNAi #2 cross was adult 
viable, but the animals were quite weak and did not survive past 1 day. We also 
observed many partially eclosed adults in the second cross (Figure C.1C), potentially 
indicative of neuronal involvement (Spring et al. 2019). If Clipper is indeed a tricRNA 
turnover factor, and tricRNAs build up upon its depletion, then this result is in agreement 
with our other animal data, wherein mutations in a potential negative regulator of tricRNA 




Figure C.1 Ubiquitous depletion of Clipper in causes viability defects. (A) Pupal and (B) adult 
viability of control and RNAi crosses. Oregon R, da-gal4 alone, and RNAi element alone (black 
bars) serve as controls. For each cross, the black filling represents the RNAi element alone, and 
the gray flling represents the da-gal4 x UAS-RNAi cross. (C) Distribution of puape, partially 
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